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Cirrus clouds are ubiquitous in the upper troposphere. The formation of ice in cirrus 
remains one of the most uncertain aspects of climate change. Through laboratory experiments we 
hope to better understand the pathways available for ice formation in these clouds. In the 
atmosphere, less than 1 in 1000 particles serve as surfaces for ice formation. Currently it is 
unclear why one particle would nucleate ice preferentially compared to another. 
A Raman-spectroscopy-based system for studying ice nucleation and aerosol properties 
has been constructed and used to investigate various types of aerosol particles. Studies of both 
laboratory-generated and ambient aerosol particles have been performed in order to explore 
heterogeneous ice nucleation at the level of the individual particle. A major focus of this thesis is 
the investigation of heterogeneous ice nucleation on particles with multiple chemical 
components and various morphologies. 
Heterogeneous ice nucleation on solid ammonium sulfate particles containing a coating 
of insoluble organic material was measured under typical upper tropospheric conditions. Raman 
spectroscopy was used to gain insight into the distribution of chemical species within individual 
particles. This technique was also used for the analysis of complex ambient aerosol. Selective 
depositional ice nucleation events were used to identify ice nucleus particles and Raman 
spectroscopy was used for chemical identification of these particles. The vast majority of 
ambient particles, in both the background and ice-active particle fractions, were observed to 
contain a detectable amount of organic material. Some oxygenated organic particles were 
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observed to serve as efficient ice nuclei. To determine atmospheric conditions that could favor a 
heterogeneous pathway for cirrus ice formation on oxygenated organic aerosol, the state 
transitions and ice nucleation ability of highly viscous glassy or amorphous organic aerosols 
were also examined. 
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Chapter I 
Introduction 
________________ 
Although cirrus clouds are ever-present in the upper atmosphere, the precise mechanisms 
governing their formation have eluded scientists for many years. The particles available for ice 
nucleation in the upper troposphere are complex and ice concentrations are low, making direct 
measurements difficult. Thus, there is currently a high degree of uncertainty associated with the 
impact of clouds and aerosols on global climate [Solomon et al., 2007]. Knowledge of the 
mechanisms governing cirrus cloud formation is critical to our understanding of how natural 
processes and anthropogenic activities impact cloud origination and global climate. 
Experiments presented in this thesis are designed to address outstanding questions 
surrounding the microphysics of ice nucleation in the atmosphere. The work contained in this 
thesis is laboratory-based but motivated by the desire to further understand processes in the 
Earth’s atmosphere. Specifically we employ a method that combines both Raman spectroscopy 
and optical microscopy to further characterize heterogeneous ice nucleation at the single particle 
level. 
1.1 Impact of Cirrus Clouds on Global Climate 
Cirrus clouds, composed of water ice, are estimated to cover 40% of the Earth’s surface 
at any time [Lynch, 1996]. The considerable extent of cirrus coverage is apparent in an image 
retrieved from NASA’s MODIS satellite in January 2008 (shown in Figure 1.1). Clouds 
influence the radiative balance of Earth by absorbing and scattering incident light. Cirrus clouds 
are optically thin in the visible wavelengths, allowing most sunlight to reach the Earth’s surface. 
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Figure 1.1 Image depicting global cirrus coverage retrieved from NASA’s MODIS satellite 
in January 2008. Image created by Reto Stockli of NASA’s Earth Observatory. 
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In contrast, cirrus ice crystals efficiently absorb and trap outgoing infrared radiation 
leading to an overall warming influence on the atmosphere. While the net effect of cirrus clouds 
on climate is generally considered warming, ice cloud formation remains one of the least 
understood processes in our atmosphere and one of the most uncertain aspects of climate change 
[Solomon et al., 2007]. The magnitude and even sign of their radiative forcing depends on many 
factors including ice crystal size, density, number and shape. The microphysical properties of the 
clouds, in turn, depend on the nucleation mechanism responsible for ice formation (e.g. [Jensen 
et al., 2010]). Because ice nucleates on pre-existing aerosols in the atmosphere, any changes in 
the aerosol properties due to anthropogenic activities could result in changes to cloud properties, 
and hence climate.  
Subvisible cirrus, a special class of cirrus characterized by very low optical densities, are 
ever-present in the tropical tropopause region. In addition to their impact on the radiative budget, 
any increase or decrease in ice in this region of the atmosphere could cause significant changes 
in the amount of water vapor that enters the stratosphere [Gettelman et al., 2002; Jensen et al., 
1996]. Because stratospheric water vapor can accelerate stratospheric ozone destruction and is an 
important greenhouse gas, it is essential to understand ice clouds in this region.  
1.2 Influence of Aerosols on Ice Clouds 
Ice crystal formation requires a surface on/in which nucleation can take place. In the 
atmosphere, particles (termed ice nuclei (IN)) serve as surfaces for ice formation. Thus, changes 
in aerosol composition due to natural and anthropogenic pollutant sources may significantly 
modify cloud properties and, in turn, global climate. The influence of aerosol particles on the 
radiative properties of clouds is known as the indirect effect. 
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To understand the complex interplay between aerosol composition and ice cloud 
formation we must first characterize the nature of particles that serve as IN. This includes 
collecting information about IN size, shape, phase, mixing state, chemical constituents and 
morphology. Upper tropospheric aerosol is complex and consists of sulfates, organics, minerals, 
and perhaps even airborne bacteria. Particles in the free troposphere typically range from 100 nm 
to 10 µm in size [Seinfeld and Pandis, 1998].  
Ice clouds that form from liquid droplets have very different properties than clouds 
formed on solid particles (i.e. ice crystal concentration and size, cloud lifetime, extinction and 
radiative forcing). Therefore, being able to predict the phase of the particulate matter 
participating in cloud formation is also important. As aerosol particles are transported to higher 
altitudes in the atmosphere the temperature drops and relative humidity (RH) within the air 
parcel rises. Soluble inorganic species spontaneously take up water at a characteristic RH known 
as the deliquescence relative humidity (DRH). If the RH continues to rise after deliquescence the 
particle will grow and becomes increasingly dilute. If the RH is lowered, the particle loses water 
continuously until it crystallizes at the efflorescence relative humidity (ERH). A schematic 
diagram of this cyclic process is shown in Figure 1.2. Deliquescence is predicted by equilibrium 
thermodynamics whereas efflorescence is a nucleation process. Very hygroscopic species like 
salts are deliquescent and can therefore exist in multiple phases in the atmosphere. Air parcel 
history and conditioning in the upper troposphere will therefore influence their phase and, in 
turn, dictate the mechanism(s) available for ice nucleation.  
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Figure 1.2 Liquid water content as a function of relative humidity (RH) with respect to an 
aerosol particle. As RH increases the particle remains solid until a characteristic 
deliquescence relative humidity (DRH) at which the particle spontaneously takes 
up water and becomes an aqueous droplet. As RH decreases the particle shrinks 
but does not recrystallize until the efflorescence relative humidity (ERH)  
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1.3 Ice Nucleation Mechanisms 
Tropospheric ice cloud formation is known to proceed via multiple mechanisms which 
have not been fully elucidated [Cantrell and Heymsfield, 2005; Pruppacher and Klett, 1997]. Ice 
nucleation mechanisms have been divided into two primary pathways, homogeneous and 
heterogeneous nucleation. Homogeneous ice nucleation occurs when an ice germ forms within 
the aqueous matrix of a supercooled liquid particle, initiating spontaneous freezing of the entire 
droplet. Solutes have been shown to depress the freezing point necessary for homogeneous ice 
formation below that of pure water [Koop et al., 2000]. Homogeneous nucleation occurs at 
temperatures below ~235 K when ice is supersaturated by 40% to 70%. This corresponds to ice 
saturation ratios (Sice = PH2O/VPice) between 1.4 and 1.7. (for examples see, [Abbatt et al., 2006; 
Koop et al., 2000; Mohler et al., 2003; Prenni et al., 2001]).  
Heterogeneous ice formation requires a surface to initiate ice formation and can proceed 
by various mechanisms. For deposition nucleation, ice forms on a solid particle directly from the 
vapor phase. A solid particle within a liquid droplet initiates ice germ formation in both 
immersion and condensation nucleation modes. Ice nucleation upon collision of a particle and a 
liquid droplet is known as contact nucleation. A visual summary of each ice nucleation mode is 
shown in Figure 1.3. If an effective IN is present, heterogeneous ice formation can occur at 
warmer temperatures (> -37 °C) and lower saturation ratios than required for homogeneous 
freezing. The abundance of atmospheric IN typically limits heterogeneous ice formation to very 
low number concentrations (on the order of 10’s per liter) [DeMott et al., 2003a].  
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Figure 1.3 Visual summary of modes by which ice nucleation takes place. The two main 
pathways for ice nucleation are homogeneous (1) nucleation and heterogeneous 
nucleation (2-5). For homogeneous ice nucleation an ice germ forms within an 
aqueous droplet. Heterogeneous ice nucleation requires a solid surface to initiate 
ice formation. For depositional nucleation, ice forms on a solid particle directly 
from the vapor phase. For immersion and condensation freezing a solid particle 
within a liquid droplet initiates ice formation. Contact nucleation occurs when ice 
forms upon a collision of a solid particle and an aqueous droplet.  
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1.4 Outstanding Questions  
Recent studies (e.g., Kamphus et al., [2010] and Spichtinger and Cziczo, [2010]), 
highlight several outstanding questions regarding heterogeneous ice nucleation. Modeling results 
by [Spichtinger and Cziczo, 2010] indicate that ice formation initiated at low levels of 
supersaturation by heterogeneous nucleation may affect homogeneous ice formation that occurs 
once higher supersaturation levels are achieved. They emphasize that additional information 
regarding how aerosol type, temperature and IN size affect heterogeneous nucleation is 
necessary to reduce error in model outputs. Kamphus et al., [2010] also stress the need for more 
specific information regarding the physical and chemical properties, state of mixing, and 
influence of possible coatings on IN particles. In order to constrain heterogeneous ice nucleation 
in models it is essential that supersaturation, IN number concentration, particle composition and 
size be measured accurately.  
The ice forming activity of complex atmospheric aerosol particles with varying 
composition, mixing state and morphology is difficult to predict. However, recent work by 
DeMott et al., [2010]  suggests IN concentration in models can be related to total aerosol number 
concentration of particles larger than 0.5 µm in diameter.  Thus it is possible to develop simple 
parameterizations that can be incorporated into models for estimating ice concentrations based 
on investigation of large particles that are important for heterogeneous ice nucleation. This work 
also acknowledges a large composition effect that is not fully modeled and may account for 
much of the remaining uncertainty in ice number concentrations. 
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1.5 Thesis Focus 
 A major focus of this thesis is the investigation of depositional ice nucleation on particles 
with various chemical components and morphologies. Through laboratory experiments we would 
like to better understand the pathways responsible for cirrus formation. For these investigations a 
new Raman-spectroscopy-based system for studying ice nucleation at the single particle level 
was developed and employed. 
The following outlines the content of this thesis. Chapter II details the construction and 
calibration of our Raman system. Chapter III outlines initial experiments performed to validate 
our technique. This study also examines the relative ice nucleation efficiencies of representative 
inorganic and organic aerosol particles that are externally mixed. Chapter IV details how 
insoluble organic coatings affect the water uptake and ice nucleation efficiencies of laboratory-
generated ammonium sulfate particles. In Chapter V our investigation is expanded to include 
complex aerosol particles collected in the field. Chapter VI focuses on ice nucleation properties 
of several oxygenated organic species that are thought to form highly viscous amorphous solids 
at atmospherically relevant temperatures.  
________________ 
Chapter II 
Raman System Construction and Characterization 
________________ 
2.1 Introduction 
Heterogeneous ice nucleation occurs on a small subset of the ambient particles, therefore 
single particle analysis is crucial to establishing a complete understanding of the underlying 
mechanisms behind cirrus formation. The use of Raman micro-spectroscopy has become 
increasingly recognized as a valuable tool for studying individual aerosol particles. This effort 
was pioneered by Rosasco and Blaha and advanced by Fung and Tang (e.g., Blaha and Rosasco, 
[1978]; Fung and Tang, [1992; 1999]; Rosasco et al., [1975]; Tang and Fung, [1989]; Yeung and 
Chan, [2010]). Raman spectroscopy is uniquely suited for the study of aerosol particles because 
it provides a non-destructive way to identify chemicals that are present within individual 
particles and to ascertain how those chemicals are distributed. The high spatial resolution of the 
instrument makes it possible to probe particles as small as 1 µm in diameter. The resulting 
Raman spectra are highly specific and allow for identification of chemical functional groups. 
Information about particle composition, mixing state, phase and particle origin may also be 
determined. Minor chemical constituents within individual particles can often be identified as 
well. Recently several groups have demonstrated the utility of Raman spectroscopy for 
investigating the composition of ambient aerosol samples collected from the field [Batonneau et 
al., 2006; Batonneau et al., 2004; Deboudt et al., 2010; Guedes et al., 2009; Ivleva et al., 2007; 
Potgieter-Vermaak and van Grieken, 2006; Sobanska et al., 2006; Sobanska et al., 1999; Uzu et 
al., 2009].  
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2.2  Instrument Details  
 A Raman spectroscopy-based system for studying ice nucleation and phase transitions of 
aerosol particles has been constructed in the Tolbert laboratory. A schematic diagram of the 
instrument is shown in Figure 2.1. The Raman system consists of a Nicolet Almega XR 
Dispersive Raman spectrometer that has been outfitted with a Linkam THMS600 environmental 
cell, a Buck Research chilled-mirror hygrometer and a Linkam automated temperature controller. 
The Raman spectrometer features an Olympus BX51 research-grade optical microscope with 
10X, 20X, 50X and 100X magnification capabilities. In addition, the Almega spectrometer has 
two lasers (532 nm and 780 nm) that can be used to probe samples as small as 1 µm in diameter. 
For each experiment performed in this study the 532 nm laser was used to gather spectral 
information. The vibrational spectra obtained are chemically specific and allow for molecular 
identification on a particle-by-particle basis. It is also possible to depth profile or map different 
regions of single micrometer-sized particles to assess compositional variability. 
A Linkam THMS600 cell was mounted on an Almega Prior high precision motorized 
microscope stage that sits within the microscope compartment. The cell has a working 
temperature range from -120° to 600°C, which spans the entire atmospheric temperature range. 
Samples are placed on a silver block that is cooled with a continuous flow of liquid N2. 
Temperature control is achieved by two counter-heating elements. A platinum resistance sensor 
mounted within the silver sample block monitors cell temperature accurately to ±0.1°C. The flow 
rate of liquid N2 and cell temperature is controlled automatically using the Linkam TMS94 
temperature controller. Additionally, the cell has inlets for gases and evacuation that allow for 
strict control over the sample environment. The cell is operated in a continuous flow manner 
with a background of purified nitrogen gas that may be humidified as desired. 
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Figure 2.1 Experimental setup used for investigating ice nucleation.  
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Humidified air is generated from bursting bubbles created by running dry N2 gas through 
a glass frit.  This wet air is then mixed with dry N2 in variable ratios to create a humidified flow. 
Increasing or decreasing airflow through the glass frit controls relative humidity (RH); the flow 
of dry nitrogen remains constant.  
The RH environment of the sample is monitored using a CR-1A chilled-mirror 
hygrometer (Buck Research Instruments, L.L.C.) attached to the gas outlet of the cell. The CR-
1A hygrometer measures frost points as low as -120°C with an accuracy of ±0.15°C. Frost point 
measurements from the hygrometer and sample temperature (from the platinum resistance 
sensor) allow for real-time monitoring of RH during experimentation. A Gast Manufacturing 
diaphragm pump pulling at a rate of 1 L/min is attached to the outlet of the hygrometer. The 
pump ensures the airflow through the cell will always be 1 L/min, regardless of any variability 
due to changing the flow rate through the water vapor bubbler.  
2.3 Modifications to the Environmental Cell 
 The liquid N2 supply lines for the commercially available Linkam cryo-stage are located 
within the sample compartment. If humidified air were introduced into the cell without 
modification the liquid N2 tubes would act as a cold trap. Thus, we have taken great care to 
adequately insulate the liquid N2 lines, ensuring that the sample is the coldest point within the 
cell. The supply lines have been carefully wrapped in polystyrene foam and the entire area has 
been covered in a thick coating of low vapor pressure putty to fill any small cracks in the 
insulation. To test this insulation system, vapor pressure measurements at the inlet and outlet of 
the cell were compared at a set temperature and RH level. If a water vapor sink existed in the 
cell, such as ice forming on the cold liquid N2 pipes, the vapor pressure at the cell outlet would 
be lower than at the gas inlet. During this insulation test, the cell was cooled to 223 K and water 
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vapor was added until the vapor pressure was near ice saturation with respect to the temperature 
of the silver block. Under these conditions, ice formation would not occur on the silver block, 
but would form on the much colder liquid nitrogen lines if they were not properly insulated. 
When the inlet and outlet vapor pressures were compared, there was only a 0.4 % difference 
between the two vapor pressure measurements. Thus, no water vapor sink was present. 
2.4 Temperature Calibration 
 Vapor pressure calculations for water and ice rely on accurate measurements of 
temperature. Therefore, a temperature calibration was performed to correct for differences 
between the temperature measured by the temperature sensor embedded in the silver sample 
block and the temperature of aerosol particles resting on top of the quartz sample substrate. Cell 
temperature was calibrated by back-calculating actual particle temperature based on the observed 
deliquescence point of NaCl particles in our cell. For each calibration point a new sample of dry 
atomized NaCl particles was placed in the cell and cooled below 0 °C. Water vapor was then 
introduced into the system slowly until deliquescence was detected using the spectral change in 
the Raman signature. Deliquescence was additionally confirmed visually using the optical 
microscope. The frost point at which deliquescence occurred was recorded from the hygrometer 
and then used to obtain a vapor pressure. Martin (2000) has shown that the deliquescence RH of 
NaCl is 75% and varies only slightly with temperature. Therefore, using the vapor pressure 
obtained experimentally and the known deliquescence point, we were able to back-calculate the 
actual temperature the particles were experiencing. We performed this type of calibration at five 
different temperatures.  
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Figure 2.2 Vibrational spectra of ammonium sulfate as a function of temperature using 
Raman spectroscopy. Characteristic vibrational bands for SO42- and NH+ are 
indicated at 974 cm-1 and 3143 cm-1, respectively. At colder temperatures Raman 
modes often sharpen and intensify. In addition to this intensification, distinct 
changes are observed at the para- to ferroelectric transition temperature (T = 
223.1 K) for ammonium sulfate. One change observed at this transition is 
indicated by line A, which highlights the appearance of a peak at 3026 cm-1 in the 
NH4 vibrational mode as temperature is decreased. The sulfate peak (B) also 
shifts from 974 cm-1 to 972 cm -1 at the ferroelectric transition temperature.  
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Figure 2.3 Temperature calibration curve constructed by calculating actual particle 
temperature from the observed deliquescence relative humidity of NaCl particles 
(see inset for example) and from observing spectral changed in ammonium sulfate 
crystals at the para-to ferroelectric phase transition temperature.  
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Calibration points using NaCl were not possible at temperatures below -40 °C because 
depositional ice nucleation would occur prior to deliquescence. Instead, spectral changes 
indicative of the para- to ferroelectric phase transition of crystalline ammonium sulfate particles 
were used to obtain a low temperature calibration point. (T = 223.1 K, [Hung et al., 2002; Knopf 
and Koop, 2006]) Spectral changes at this transition are depicted in Figure 2.2. Most notably, the 
ammonium peak between 2800-3300 cm-1 becomes asymmetrical due to the development of a 
peak at 3026 cm-1 (Figure 2.2, line A). This transition is additionally marked by the subtle 
appearance of a shoulder on the ammonium peak between 3000 cm-1 and 3200 cm-1. The sulfate 
peak (974 cm-1, 298 K) also sharpens, intensifies and shifts to 972 cm-1 at temperatures lower 
than 223.1 K. Intensification and sharpening of these spectral features continues as temperatures 
are lowered past the ferroelectric transition temperature.  
When the calculated temperature was plotted verses temperature controller setting, the 
data was well approximated (R2 = 0.998) by a linear fit. A graph of the final temperature 
calibration curve is shown in Figure 2.3. This calibration shows the actual temperature a particle 
experiences is warmer than the temperature controller setting by about 2°C. This temperature 
difference is largely due to the addition of room temperature dry N2 to the cold cell during 
experimentation. To provide the most accurate results possible, the calibrated temperature was 
used for all calculations presented in the following chapters. 
2.4 Calculating Critical Ice Saturation Ratios 
 Critical ice saturation ratio (Sice) is a parameter widely used in cloud microphysics and in 
atmospheric models. Sice is a ratio of the water partial pressure to the equilibrium vapor pressure 
of water over ice. It is defined as: 
Sice(T) = PH20/VPice(T) (1) 
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PH2O is determined from frost point values measured by the hygrometer, which are converted to 
partial pressures using formulations developed by Buck, [1981]. VPice(T) is calculated using the 
vapor pressure formulations of Marti and Mauersberger, [1993] and calibrated cell temperature.  
In addition to calibrations performed by the manufacturer, the hygrometer was found to 
accurately measure frost points when tested in our laboratory. During these tests, the hygrometer 
was attached to a flow tube apparatus containing pure water ice. Frost point measurements were 
made at the flow tube outlet for 19 different experiments at temperatures between 221 K and 233 
K as dry N2 flowed at 4 L/min through the system. The vapor pressure over ice in the flow tube 
apparatus was measured by the hygrometer and compared to theoretical vapor pressure 
calculations made using formulations by Marti and Mauersberger, [1993]. On average, vapor 
pressure measurements from these experiments were within 1 % of the theoretical predictions.  
 
________________ 
Chapter III 
Depositional Ice Nucleation on Solid Ammonium Sulfate and Glutaric Acid Particles 
________________ 
3.1 Introduction 
We now recognize that 20-80 % of particle mass may be composed of organic material 
(e.g. Jimenez et al., [2009] for ground-level studies, or [Froyd et al., 2010] for measurements of 
upper tropospheric aerosol). Because organic material is ubiquitous in tropospheric aerosol it is 
critical that we understand the role(s) that organics plays in ice nucleation. Several recent field 
and laboratory studies suggest that organic species tend to inhibit atmospheric ice formation. For 
examples see, Cziczo et al., [2004] , DeMott et al., [2003] , Möhler et al., [2008], Parsons et al., 
[2004], Prenni et al., [2001b], Targino et al., [2006]. Other studies have shown that atmospheric 
species such as minerals, dust and bacteria may encourage heterogeneous ice nucleation to occur 
at warmer temperatures and lower ice saturation ratios than observed for homogeneous ice 
nucleation [Archuleta et al., 2005; DeMott et al., 2003a; Eastwood et al., 2009; Kanji and 
Abbatt, 2006; Mangold et al., 2005; Mohler et al., 2006; Targino et al., 2006; Twohy and 
Poellot, 2005]. Ice nucleation on particles that are complex mixtures of different species likely 
depends on the relative surface area of aerosol available for nucleation as well as the chemical 
properties of individual aerosol types [Abbatt et al., 2006; Kanji and Abbatt, 2006]. Although 
evidence exists that heterogeneous ice nucleation is important to cirrus cloud formation, the 
mechanism and chemical processes by which it occurs are not well understood and require more 
investigation. 
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Several experiments have previously been performed using either Raman spectroscopy or 
optical microscopy to investigate ice nucleation on atmospheric particles. Mund and Zellner, 
[2003] used Raman spectroscopy to investigate homogeneous nucleation of optically levitated 
sulfuric acid droplets. Koop et al., [1998] made use of optical microscopy to observe ice 
nucleation from sulfuric acid particles. Buajarern et al., [2007] show that Raman spectroscopy 
combined with an optical tweezing technique can be effectively used to investigate evaporation 
rates of surface-active organic compounds. Chan and Chan., [2007] used Raman spectroscopy 
and an electrodynamic balance to investigate aerosol hygroscopicity on solid ammonium sulfate 
particles containing glutaric acid coatings at room temperature. Kanji et al., [2008] investigated 
depositional nucleation on mineral dust using optical microscopy for ice detection. Knopf and 
Koop, [2006] investigated heterogeneous ice nucleation on single particles of mineral dust using 
confocal Raman spectroscopy and optical microscopy. 
In the present study, onset-freezing conditions for heterogeneous ice nucleation on solid 
ammonium sulfate and glutaric acid particles are reported. Ammonium sulfate was chosen due to 
its high concentration in the troposphere. Additionally, several recent studies [Abbatt et al., 
2006; Eastwood et al., 2009; Mangold et al., 2005; Shilling et al., 2006] have demonstrated that 
ice nucleation on solid ammonium sulfate may be an important pathway for atmospheric ice 
formation. A theory was put forward by Abbatt et al., [2006] that some of their experiments may 
have been influenced by solid ammonium sulfate, presumably a good depositional ice nucleus.  
However, the data on solid ammonium sulfate was very limited and only indirectly showed that 
solid ammonium sulfate was a good ice nucleus.  We thus re-examined heterogeneous ice 
nucleation on solid ammonium sulfate particles using Raman microscopy where the identity of 
the nucleating particle could be unambiguously verified as being crystalline. In addition, we 
 21 
performed experiments on one model organic particle, glutaric acid. Glutaric acid 
(HO2C(CH2)3CO2H) was chosen as a representative organic species because it is a partially 
soluble dicarboxylic acid and it is commonly found in the atmosphere as a component of 
secondary organic aerosol.  
This study investigates onset-freezing conditions for depositional ice nucleation in two 
types of experiments. Ice formation was first observed on solid ammonium sulfate and solid 
glutaric acid particles independently. Sice values calculated at the onset of freezing for each 
species are reported. In the second type of experiment, ice was depositionally nucleated on solid 
ammonium sulfate and glutaric acid particles that were externally mixed in the same sample. For 
each experiment of this type, ice saturation ratios are reported and Raman spectroscopy was used 
to determine the identity of the ice nucleus responsible for the onset of freezing. Aerosol size and 
number concentrations were held approximately constant, allowing for a direct comparison of 
nucleation potential based on the chemical properties of the aerosol particles examined. 
3.2 Experimental 
 Aerosol particles were produced by delivering a 10 wt % solution of either ammonium 
sulfate or glutaric acid to an atomizer (TSI 3076) at a rate of 2 ml/min using a Harvard apparatus 
syringe pump. Particles were impacted directly onto microscope grade quartz discs (1 mm thick) 
in a flow of dry N2 at 1.5 L/min. Prior to experimentation, the quartz discs were cleaned with 
methanol and then treated with commercially available Rain-X, a hydrophobic silanizing agent 
(ethanol (1-10 %), isopropanol (75-95 %), polysiloxanes, and organosilanes) to minimize 
heterogeneous effects of the substrate on ice nucleation. The quartz discs were exposed to the 
particle flow for 3 seconds. Individual particle diameters range from 0.5-10 µm in diameter. The 
mean particle sizes for ammonium sulfate, glutaric acid and mixed-sample particles are 2.1 µm, 
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2.4 µm, and 2.1 µm with standard deviations of 1.0 µm, 1.7 µm, and 1.5 µm, respectively. Kanji 
and Abbatt, [2006] find that Sice required for ice nucleation is inversely related to the available 
aerosol surface area. Thus, every effort has been made to ensure that particle size and number 
concentration remains consistent on every sample. This sample preparation method results in 
approximately 103 particles in the 10X field of view at any time. Thus, when a single ice particle 
is detected, this corresponds to an optimal nucleation detection limit of approximately 0.1 % of 
the particles in view. 
To create samples containing externally mixed ammonium sulfate and glutaric acid 
particles, the sample preparation process was slightly modified. First, a sample of pure glutaric 
acid aerosol was generated using the same conditions as described above. The sample containing 
only glutaric acid particles was then placed in the cell to dry in a flow of purified N2 for 30 
minutes at a dew point of around 213 K and a temperature of 236 K. After the allotted drying 
time, ammonium sulfate particles were atomized onto the sample containing the dry glutaric acid 
aerosol particles. This process yielded samples containing an external mixture of ammonium 
sulfate and glutaric acid particles. Each mixed sample was screened using Raman spectroscopy 
prior to experimentation to ensure the presence of pure ammonium sulfate and pure glutaric acid 
particles. In some cases, internally mixed particles consisting of an ammonium sulfate core and a 
small amount of glutaric acid were observed. The authors speculate that these internally mixed 
particles resulted on occasion from the impact of an ammonium sulfate particle with a glutaric 
acid particle during sample generation. 
3.3 Results and Discussion 
3.3.1. Depositional ice nucleation experiments 
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A sample was placed in the cell, and a typical depositional ice experiment began by 
running N2 gas through the cell at 1 L/min (298 K) until the system was dry and settled to a 
baseline dew point between 203 K and 223 K. The cell was then cooled to the temperature 
desired for the experiment (214 - 233 K) and allowed to rest for several minutes to ensure 
temperature stabilization. Water vapor was slowly introduced into the system by systematically 
increasing the ratio of humidified air to N2 gas that entered the cell. Water vapor was added in a 
stepwise fashion. Meanwhile, the particles were monitored visually at 10X magnification using 
the video output from the CCD camera mounted on the spectrometer.  The onset of ice 
nucleation was denoted by the first ice particle that was observed. It was typically quite easy to 
identify particles on which nucleation occurred because they quickly grew to large sizes 
compared to surrounding particles that remained dry. The vapor pressure at the onset of ice 
nucleation was recorded and the nucleation event was documented with visual imagery. The 50X 
objective was then used for closer inspection of the ice crystal and the particle responsible for 
nucleation. The nucleation event was documented at 50X magnification using both optical 
microscopy and Raman spectroscopy. Next the supply of water vapor to the cell was cut off and 
the cell was slowly warmed. This resulted in ice sublimation and exposed the ice nucleus for 
further investigation. The final step in the experiment was to visually and spectroscopically 
examine the particle responsible for nucleation.  
A single sample was generally used in several ice nucleation experiments. Between each 
experiment the sample was warmed to 298 K and dried to a baseline dew point between 223 and 
203 K to ensure that preactivation [Knopf and Koop, 2006; Wallace and Hobbs, 2006] and 
embedded references] did not affect experimental results. The same particle was never observed 
to nucleate ice twice when a sample was used in several consecutive experiments.  
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Identical experiments were performed on blank quartz substrates to ensure that ice 
nucleation was not induced by imperfections in the substrate material. Ice nucleation on blank 
quartz substrates occurred at Sice values between 1.6 and 2.3 over the temperature range 
observed. 
3.3.2. Depositional ice nucleation on solid ammonium sulfate particles 
Visual imagery obtained during a representative ammonium sulfate experiment are 
shown in Figure 3.1. The first image (A) shows solid ammonium sulfate particles (10X 
magnification) just after being placed in the sample compartment and before any water vapor had 
been introduced into the system. During experimentation a motorized stage was used to move 
around a small region of the sample to look for ice. For the example experiment, the sample was 
cooled to 218.1 K and water vapor was slowly added to the system until ice nucleation was 
observed at a frost point of 218.5 K (B). The 50X microscope objective was then used for closer 
inspection of the ice crystal. In this example, the ammonium sulfate ice nucleus can be seen 
through the ice crystal. A Raman spectrum of the ice crystal and optical image (C) were obtained 
at this magnification level. Finally, humidified flow to the cell was cut off and the ice sublimed 
revealing the particle responsible for nucleation (D). In this case the particle revealed is ~5 µm in 
diameter. The frost point at which nucleation was observed corresponds to a critical ice 
saturation ratio of 1.04 and RH of 61.6 %. 
Spectral data obtained during the same ice nucleation experiment are shown in Figure 
3.2, panel A. The upper Raman spectrum was obtained from the ice particle that formed at 218.1 
K. The Raman signal for water ice at 3132 cm-1 (peak a) dominates the spectrum but the sharp 
sulfate peak of ammonium sulfate is still clearly visible around 974 cm-1(peak c).  
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Figure 3.1 Images recorded during a depositional ice nucleation experiment on ammonium 
sulfate. Image A (10X magnification) shows a group of dry ammonium sulfate 
particles prior to experimentation. Image B (10X magnification) focuses on the 
ice crystal that marked the onset of ice formation. Image C was taken of the same 
ice crystal at 50X magnification for closer inspection. The particle in image D 
(50X magnification) is the ice nucleus remaining after the ice has been sublimed. 
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Figure 3.2 Panel A shows Raman spectra taken during a depositional nucleation experiment on 
ammonium sulfate. Peak a corresponds to the ν(OH) band of water ice at 3132 cm-1. The 
sulfate vibrational signature from the ammonium sulfate ice nucleus is clearly visible at 
974 cm-1 (marked as c). A spectrum (panel A, bottom) of the dry ammonium sulfate 
particle responsible for nucleation is also shown. In this spectrum the NH4 vibrational 
band between 2800 cm-1 and 3300 cm-1 (peak b) is apparent in addition to the strong 
sulfate band (peak c). Panel B shows spectra obtained during a glutaric acid ice 
nucleation experiment. The characteristic vibrational modes used to identify glutaric acid 
are the strong C-H stretching bands indicated by d and e at frequencies 2950 cm-1 and 
2925 cm-1, respectively. The top spectrum shows ice on top of a particle and the bottom 
spectrum of the particle after ice sublimation confirms the IN was glutaric acid.  
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Another spectrum was obtained by probing the ice nucleus that remained after sublimation of the 
surrounding ice. A spectrum (Figure 3.2, panel A, bottom) of the remaining particle confirms 
that it is pure ammonium sulfate. The strong sharp sulfate peak at 974 cm-1 (peak c) and the N-H 
vibrations between 2800-3300 cm-1 (peak b) characterize the Raman spectrum of solid 
ammonium sulfate.  
Twenty-four ammonium sulfate ice nucleation experiments were performed over a range 
of temperatures (214-233 K). Results obtained for ammonium sulfate are shown as open circles 
in Figure 3.3. Over this temperature range, Sice values for depositional nucleation on ammonium 
sulfate varied between 1.0 and 1.3. The average Sice is 1.1 with a standard deviation of 0.1. These 
results indicate that depositional ice nucleation on solid ammonium sulfate does not have a 
significant temperature dependence over this temperature range. Ice saturation ratios on solid 
ammonium sulfate are distinctly lower than those expected for homogeneous nucleation as 
predicted by Koop et al., [2000]. The deliquescence RH of ammonium sulfate is approximately 
83 % over this temperature range (extrapolated from Onasch et al. [1999]) Experimental values 
of RH, measured at the onset of depositional ice formation on ammonium sulfate, range from 61-
78 %. In every experiment, ice formation was observed at humidity levels below the 
deliquescence RH of ammonium sulfate. During every experiment Raman spectroscopy was also 
used to probe ammonium sulfate particles that did not nucleate ice. Water due to deliquescence 
was never observed on any particles. Therefore homogeneous nucleation could not have taken 
place. Visual and spectral observations additionally indicated that homogeneous nucleation did 
not occur.  
3.3.3. Depositional ice nucleation on glutaric acid particles 
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Figure 3.3 Ice saturation ratios as a function of freezing temperature for all depositional ice 
nucleation experiments performed on ammonium sulfate and glutaric acid. Open 
circles represent ice nucleation experiments on solid ammonium sulfate particles. 
Dark circles show the Sice values observed from ice nucleation on glutaric acid 
particles. Dotted lines represent linear fits to the ammonium sulfate and glutaric 
acid experimental results. The thick solid line illustrates where homogeneous 
freezing is expected to take place based on the model developed by Koop et al., 
[2000]. 
 29 
Spectral data obtained during a representative glutaric acid experiment are shown in 
Figure 3.2, panel B. The top spectrum indicates the presence of ice (peak a, 3132 cm-1) along 
with glutaric acid. The characteristic C-H stretching modes at 2950 cm-1 and 2925 cm-1 (peaks d 
and e) were used to identify glutaric acid. When the ice was sublimed, the particle responsible 
for ice nucleation was revealed. A spectrum (Figure 3.2, panel B, bottom) of this particle 
confirms that it is glutaric acid.  
Glutaric acid is a polymorphic substance, meaning it can exist in multiple crystalline 
states. Comparison of spectra presented in this study with those of Yeung et al., [2010b] suggest 
that the solid glutaric acid particles examined in this study were present in the metastable α-
form.  
Nineteen ice nucleation experiments using glutaric acid were performed in this study. 
The ice saturation ratios observed for each of these experiments are plotted alongside the 
ammonium sulfate results shown in Figure 3.3. Depositional ice nucleation on glutaric acid 
appears to depend on temperature over this range. Sice values range from 1.2 to 1.7 with the 
lowest Sice values observed at the warmest temperatures. The average Sice calculated for 
depositional ice nucleation on glutaric acid is 1.4 with a standard deviation of 0.2. The results for 
experiments on glutaric acid intersect the curve for expected homogeneous nucleation (solid line, 
Figure 3.3). However, this curve does not apply until glutaric acid is in solution. Over this 
temperature range glutaric acid has a deliquescence RH that is around 100 % (inferred from 
Parsons et al., [2004]). Values of RH calculated when ice formation was first observed on 
glutaric acid range from 77-98 %. As with ammonium sulfate, for all experiments on glutaric 
acid depositional nucleation was observed at lower levels of RH than necessary for 
deliquescence to occur. Similarly, water in the particles due to deliquescence was not detected in 
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visual or spectral results. This suggests that homogeneous nucleation could not have occurred. 
However, at temperatures colder than 225 K (the intersection point with the homogeneous 
freezing line), if the deliquescence RH of glutaric acid was exceeded, it is likely that the glutaric 
acid and water solution would immediately freeze homogeneously.  
3.3.4. Mixed-sample experiments 
Results obtained from the initial ammonium sulfate and glutaric acid experiments 
indicated that ammonium sulfate was a more efficient ice nucleus than glutaric acid, especially at 
colder temperatures. In order to substantiate this hypothesis a third series of experiments were 
conducted using samples containing both ammonium sulfate and glutaric acid particles.  
For these experiments, samples containing external mixtures of ammonium sulfate and 
glutaric acid were prepared. Raman spectroscopy was used to determine the chemical 
composition of the particle that initiated ice nucleation in each experiment. Although Raman 
spectroscopy was used for definitive particle identification, ammonium sulfate and glutaric acid 
particles are visually distinct as well. In the optical microscope, solid ammonium sulfate particles 
tend to look darker in color and rougher in texture compared to glutaric acid particles. This 
distinction is evident in Figure 3.4, a 50X optical image taken of particles from a mixed sample 
prior to experimentation.  
Seventeen mixed-sample experiments were conducted at temperatures ranging from 214-
224 K. These experiments were performed in the colder half of the temperature range used for 
previous experimentation because this is where the largest difference in supersaturation level 
required for the onset of freezing was observed when comparing ammonium sulfate and glutaric 
acid.  
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Figure 3.4 Image of ammonium sulfate and glutaric acid particles during a mixed-sample 
experiment. At 50X magnification the dark ammonium sulfate particles are 
visibly distinct compared to the light gray glutaric acid particles. 
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Figure 3.5 Summary of ice saturation ratios as a function of freezing temperature for all 
depositional ice nucleation experiments performed in this study. Black dots 
correspond to measurements taken during experiments on glutaric acid particles. 
Open circles represent ice nucleation experiments on solid ammonium sulfate 
particles. Gray circles show ice saturation ratios observed during mixed-sample 
experiments. In all mixed-sample experiments the onset of freezing was observed 
to occur on ammonium sulfate particles. 
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Ice saturation ratios obtained at the onset of ice formation for the mixed-sample experiments are shown in 
Figure 3.5 as gray circles. An average ice saturation ratio of 1.1 with a standard deviation of 0.1 was 
obtained for the mixed-sample experiments. Ice saturation ratios calculated for the mixed-sample 
experiments are similar to the results obtained for samples of pure ammonium sulfate. 
Raman spectroscopy was used to establish the identity of the aerosol species responsible 
for the onset of ice nucleation in each mixed-sample experiment. Significantly, in 100 % of the 
experiments, the onset of ice formation was observed to occur on ammonium sulfate particles 
(Figure 3.5, gray circles). In four of these experiments ice formation occurred on ammonium 
sulfate particles that also contained a small, yet detectable, amount of glutaric acid. Ice saturation 
ratios calculated for cases when a detectable amount of glutaric acid was present were not 
consistently high or low compared to the ice saturation ratios for the other mixed-sample 
experiments. Presumably in these cases the organic material is not present in great enough 
quantity to cover the ammonium sulfate active sites for nucleation. This suggests that organic 
species present in small amounts may not affect the ice nucleation properties of certain aerosol 
particles. Further investigation is required to determine the threshold amount of organic material 
or coating thickness that may be required to alter the ice nucleation efficiency of ammonium 
sulfate particles.  
It is possible that surface morphology differences between the ammonium sulfate 
particles and glutaric acid particles (as evident in Figure 3.4) may explain, in part, why 
ammonium sulfate is a more efficient IN than glutaric acid. Using this experimental technique 
we are not able to precisely quantify how small surfaces defects may influence our results. 
However, work by Zuberi et al., [2001] suggests that heterogeneous freezing temperatures in the 
immersion freezing mode are strongly dependent on surface morphology, specifically surface 
area and particle microstructure. Optical images of the solid ammonium sulfate particles used in 
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the present work show rough surfaces that may be consistent with the ammonium sulfate 
microcrystals observed by Zuberi et al., [2001] when they found low ice saturation ratios.  
3.3.5. Comparison of Results 
Our Sice values for depositional ice nucleation on ammonium sulfate are in agreement 
with other literature points available. In a cloud chamber study of ammonium sulfate, Mangold et 
al., [2005] observed onset Sice values between 1.20 and 1.27 during several homogeneous ice 
nucleation experiments. In this case FTIR spectroscopy indicated that a majority of the particles 
were liquid in phase. However, the authors suggest the presence of some effloresced ammonium 
sulfate particles may have resulted in lower Sice values than expected. In a follow-up experiment 
using crystalline ammonium sulfate, ice formation on ammonium sulfate particles was detected 
at ice saturation ratios slightly above 1. Abbatt et al., [2006] used a cloud chamber to 
depositionally nucleate ice onto solid ammonium sulfate particles. They observed ice formation 
at ice saturation ratios between 1.14 and 1.22 at 223 K. Abbatt et al., [2006] also observed 
efficient ice nucleation on solid ammonium sulfate particles for experiments performed on a 
hydrophobic support. Abbatt et al. [2006] used these studies to explain disparity in previous 
results for homogeneous ice nucleation of ammonium sulfate particles from IR flow tubes by 
suggesting that some results were influenced by heterogeneous nucleation on a subset of 
effloresced ammonium sulfate particles. Shilling et al. [2006] found that solid ammonium sulfate 
and maleic acid particles deposited on a gold plate efficiently nucleated ice at Sice values between 
1.04 and 1.42 over a temperatures ranging from 190 K to 240 K. Our results are in good 
agreement with Shilling et al., [2006] in the overlapping temperature range. Eastwood et al., 
[2009] report an Sice value of 1.06 observed at 236 K for depositional ice nucleation on kaolinite 
particles with a thick coating of ammonium sulfate.  Given these conditions, the ammonium 
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sulfate coating is presumably solid, and our observations correspond well with the results of their 
study.  
Glutaric acid results imply that particles with a high concentration of organic species may 
inhibit depositional ice formation. This observation is consistent with field measurements made 
by Cziczo et al., [2004] who used mass spectrometry to infer that particles with high organic 
content were less efficient ice nuclei than sulfates. Similarly, Parsons et al., [2004] found that 
dicarboxylic acids were inefficient ice nuclei. Our results are in agreement with Kanji et al., 
[2008] who conclude that although a wide range of materials can act as heterogeneous ice nuclei, 
hydrophobic surfaces will require higher supersaturations for nucleation to occur depositionally. 
Another study by Möhler et al., [2008] finds that SOA coatings lowered the high nucleation 
efficiency of Arizona Test Dust.  
In several mixed-sample ice nucleation experiments, the IN particle investigated 
consisted of an ammonium sulfate core that also contained a small amount of glutaric acid. In 
these cases, the ice nucleation efficiency of the ammonium sulfate particles was not altered. 
These results suggest that inhibition of ice nucleation by organic species may occur only when 
organic coatings are thick enough to cover the active nucleation sites of the core particle. Cziczo 
et al. [2009a] observed a similar effect when investigating the ice nucleation properties of 
Arizona Test Dust with sulfuric acid and ammonium sulfate coatings using the AIDA chamber. 
Analysis of single particle ice residues by Cziczo et al., [2009a] suggested that the first particles 
to freeze were those that had thin or incomplete coatings. 
In all three types of experiments we observed ice nucleation occurring preferentially on 
just a few particles per sample. The geometric size of the ice nucleating particles ranged from 0.4 
µm to 10 µm, essentially spanning the entire size range of particles on our samples. Thus a size 
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dependence of ice nucleation was not observed for this narrow particle size range. Further, 
average ice nucleus diameters measured for ammonium sulfate, glutaric acid, and mixed-sample 
experiments were not significantly different. It is also interesting to note that when a sample was 
used for multiple experiments ice nucleation was never observed to occur on the same particle 
twice.  
While our results show that chemical composition can influence ice nucleation, at this 
time it is not clear what is special about the nucleating particles when they all have the same 
nominal composition. It is possible that microscopic surface features make some particles better 
ice nuclei than others.  For example, Pruppacher and Klett, [1997] suggest that active sites may 
catalyze ice formation through an inverse Kelvin effect. Because the number of active sites does 
not necessarily scale with particle surface area [Kärcher and Lohmann, 2003], nucleation may 
not always occur on the largest particles first.  
3.4 Atmospheric Implications 
This work indirectly implies that the deliquescence RH may be a useful way to predict 
whether a substance will form ice via homogeneous or heterogeneous nucleation pathways. 
Materials with a low DRH (ex. perchlorate, DRH = 45 %) will deliquesce before 
supersaturations required for heterogeneous ice nucleation are reached (Gough et al., 2011). 
Instead, this type of compound will deliquesce at low RH and then freeze homogeneously. 
Alternatively, compounds with high DRH values, like ammonium sulfate, may be more likely to 
nucleate ice heterogeneously at cold temperatures because high supersaturations with respect to 
ice can be achieved before their DRH is reached. In this case, heterogeneously nucleated ice 
grows quickly, and may monopolize local water vapor. Thus, homogeneous nucleation may be 
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shut down or affected by prior heterogeneous ice formation at lower saturation ratios. Further 
experimentation is necessary in order to substantiate this hypothesis.  
Our results suggest the onset of heterogeneous nucleation may occur preferentially on 
ammonium sulfate over homogeneous nucleation at low temperatures in the atmosphere. This 
pathway for ice formation on ammonium sulfate may be particularly significant in the tropical 
tropopause region where concentrations of aerosol generally considered to be efficient ice nuclei, 
such as mineral dust, are low and sulfates make up a large portion of the aerosol available for 
nucleation [Froyd et al., 2010; Froyd et al., 2009]. Recent aircraft measurements have detected 
large ice crystals (~100 µm) present in cirrus clouds near the tropical tropopause. Simulations 
run by Jensen et al., [2008] suggest that these large ice particles may result from heterogeneous 
nucleation at low supersaturations. They hypothesize that a few efficient heterogeneous ice 
nuclei grow to large sizes prior to the onset of homogeneous nucleation. Further work by Jensen 
et al., [2010] suggests that solid ammonium sulfate particles may be available for ice nucleation 
in this region. Our results for ammonium sulfate support this mechanism for ice formation in the 
tropical tropopause region. 
Particles in the tropical tropopause layer are also exposed to cold temperatures and have 
long residence times, which allows for the accumulation of organic matter on particles. PALMS 
measurements in the tropical tropopause layer suggest that the vast majority of sulfates particles 
also contain organic species [Froyd et al., 2010]. Additional PALMS studies at lower altitudes 
suggest that aerosol particles with high concentrations of organic species require higher 
supersaturations in order to nucleate ice [Cziczo et al., 2004b; DeMott et al., 2003a]. Similarly, 
we observed heterogeneous ice nucleation on glutaric acid at higher values of Sice than for pure 
ammonium sulfate. Further, when solid ammonium sulfate and glutaric acid particles are present 
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in the same sample, we observed initial ice formation occurring on ammonium sulfate particles 
with little or no organic signature at ice saturation levels similar to those observed when only 
pure ammonium sulfate is present. Continued investigation is necessary to determine the amount 
of organic that is necessary to inhibit ice formation. Presumably, enough organic material would 
be needed to cover the active nucleation sites of the core particle.  
 
________________ 
Chapter IV 
Water Uptake and Ice Nucleation on Internally Mixed Particles 
________________ 
4.1 Introduction 
Cirrus clouds, composed of ice, are ubiquitous in the upper troposphere. In particular, 
subvisible cirrus in the tropical tropopause region are thought to be frequently present [Jensen et 
al., 2010] and play a major role in controlling the entry of water vapor into the stratosphere. 
These clouds are also important for climate because they are optically thin in the visible 
wavelength range, allowing most solar radiation to reach the Earth’s surface. In contrast, the 
clouds are strong infrared absorbers and contribute to greenhouse warming. 
Although cirrus clouds are ever-present in the tropical tropopause region, the precise 
mechanisms governing their formation have eluded scientists for many years. The particles 
available for ice nucleation in the upper troposphere are complex and ice concentrations are low 
(<1 in 100 particles nucleate ice) [Froyd et al., 2010] making direct measurements difficult. 
Thus, there is currently a high degree of uncertainty associated with the impact of cirrus clouds 
on global climate [Solomon et al., 2007]. Understanding the precise mechanisms governing 
cirrus cloud formation is critical to our understanding of how natural processes and 
anthropogenic activities impact cloud origination and global climate. 
Ice formation is known to occur via homogeneous or heterogeneous mechanisms. The 
pathway by which cloud formation occurs depends on the atmospheric conditions and phase of 
the aerosol present [Cantrell and Heymsfield, 2005]. Homogeneous nucleation occurs when an 
ice germ within an aqueous solution droplet stimulates ice formation. In contrast, heterogeneous 
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ice nucleation can occur when ice formation is catalyzed on a solid surface such as a dust 
particle. Historically it has been thought that homogeneous ice nucleation is the dominant 
mechanism controlling cirrus formation in the upper troposphere because particles present in this 
region are assumed to be aqueous droplets. 
 Recent field observations and modeling studies have provided new insights into the 
processes underlying ice nucleation. They have also revealed fundamental uncertainties in our 
understanding of cirrus cloud nucleation. Some measurements and remote sensing observations 
do not support the idea that homogeneous nucleation is the predominant mechanism for thin 
cirrus formation near the tropical tropopause (i.e., [Froyd et al., 2010; Jensen et al., 2010]). For 
example, modeling studies by Jensen et al., [2010] suggest that a cirrus formation mechanism 
dominated by heterogeneous ice nucleation would more accurately mimic observations of ice 
number concentrations and ice size distributions. Additional laboratory studies have revealed that 
model atmospheric particles containing soluble organic compounds form glasses which inhibit 
homogeneous ice nucleation [Murray, 2008; Zobrist et al., 2008]. However, many species 
known to be highly efficient heterogeneous ice nuclei (IN), such as mineral dust, are depleted in 
the tropical tropopause region. Furthermore, recent measurements imply that the particles present 
in this region are predominately composed of sulfate and organic species [Froyd et al., 2010].  
Laboratory studies have shown that pure solid ammonium sulfate is an efficient IN 
[Abbatt et al., 2006; Baustian et al., 2010; Mangold et al., 2005; Shilling et al., 2006; Wise et al., 
2008]. Thus, Jensen et al., [2010]  hypothesize that heterogeneous nucleation on dry ammonium 
sulfate or dry mixed ammonium sulfate/organic particles may be an important mechanism for 
cirrus formation in the tropical tropopause region. However it remains unclear whether the 
sulfate/organic particles in the tropical tropopause region are likely liquid or solid because the 
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temperature dependent phase transitions (deliquescence and efflorescence) have not been 
established for mixtures. Further, while previous laboratory studies have shown that pure 
organics are poor heterogeneous ice nuclei, studies of the heterogeneous ice nucleating ability of 
internal mixtures of sulfates with organics are not available. 
Motivated by these questions, the present study uses a combination of optical microscopy 
and Raman spectroscopy to probe the effect of insoluble organic species on the phase transitions 
and ice nucleating efficiency of solid ammonium sulfate particles containing a coating of 
palmitic acid. This combination of techniques gives new insights into the dependence of ice 
nucleation on chemical composition, phase and particle morphology. 
4.2 Experimental 
4.2.1 Particle generation 
Deliquescence, efflorescence, and depositional ice nucleation experiments were carried 
out on three different types of particles: pure ammonium sulfate, ammonium sulfate coated with 
palmitic acid, and pure palmitic acid. Each type of particle required a different generation 
technique as described below. The diameters of all particles ranged from approximately 1 to 10 
µm with typical values close to 5 µm. 
Ammonium sulfate particles were generated by feeding a 10 wt % ammonium sulfate 
solution at 2 ml/min into an atomizer (TSI 3076) using a Harvard apparatus syringe pump. Pre-
purified nitrogen gas at a flow rate of 3000 ccm was used to operate the atomizer. The particles 
exiting the atomizer were then impacted onto a hydrophobic quartz disc for analysis.  
The experimental set up used to produce ammonium sulfate particles coated with palmitic 
acid was modified from Garland et al., [2005]. Ammonium sulfate particles were first generated 
as described above. A stream of palmitic acid vapor was created by passing nitrogen gas at 1000 
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ccm over hot palmitic acid contained in a flask. The temperature of the palmitic acid was 
maintained at 150 oC using a heated oil bath (Dow 710) which enveloped the flask. The streams 
were combined in a stainless steel tube maintained at a temperature of 150 oC. The combined 
flow rate was reduced to 500 ccm and then passed into a four stage coating oven similar to that 
used in Han and Martin, [2001]. The first stage of the coating oven was maintained at a 
temperature of 150 oC. The second, third and fourth stages were maintained at temperatures of 
120 oC, 90 oC, and 60oC respectively. The coated ammonium sulfate particle stream exiting the 
oven was then combined with 3000 ccm of nitrogen and introduced into a flask containing 
molecular sieve to ensure the particles were dry prior to collection. Particles were then collected 
for ~10 seconds using a three stage cascade impactor. The particles collected on the hydrophobic 
quartz disc contained in the second stage of the impactor were used for analysis.  
Pure palmitic acid particles were generated with the experimental apparatus described 
above using the same flow rates and temperatures for coated particles. However, the ammonium 
sulfate syringe pump was turned off so that no ammonium sulfate particles were introduced to 
the system. 
4.2.2 Determination of particle composition 
 The Raman system employed in this study has the ability to map different regions of 
supermicron particles to assess compositional variability. Compositional variability of 
ammonium sulfate particles coated with palmitic acid was determined by obtaining Raman 
spectra in two dimensions, using 0.4 x 0.4 µm steps, over the entire surface of an individual 
particle. Because each spectrum showed mixtures of ammonium sulfate and palmitic acid, two 
different maps were created to determine compositional variability. One map was created using 
the intensity of the 960 cm-1 sulfate stretch. This map shows where ammonium sulfate is present 
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in the particle. The other map was created using the intensity of the 2853 cm-1 C-H stretch. This 
map shows where the palmitic acid is located.  
In addition to mapping particles using the Raman spectrometer, a TSI model 3321 
aerodynamic particle sizer (APS) was used to determine the mode geometric diameter (dg) of 
uncoated and coated ammonium sulfate particles. The APS measured aerodynamic diameter (da); 
therefore, several assumptions were made to determine dg of each type of particle. Equation 28 
from DeCarlo et al., [2004] relates da to volume equivalent diameter (dve). Assuming the coated 
and uncoated particles were spherical, the coating was even, and the Cunningham slip correction 
factors (for dve and da) were identical: dve = da*rp -1/2, where rp is the density of the particle. For 
spherical particles, dg = dve. Because the density of the coated particles was unknown, it was first 
assumed that the coated particles consisted of 99 wt% palmitic acid and 1 wt % ammonium 
sulfate. Using this composition, a density was calculated as a weighted average and dg of the 
coated particles was determined. In combination with the volume of the uncoated particles, the 
weight percent of ammonium sulfate and palmitic acid in the mixed particles was calculated. 
Because this calculation yielded a different composition than the composition originally 
assumed, a new density was calculated. This process was then iterated until dg of the mixed 
particles converged to one value. As a validation of this methodology, the calculations were 
rerun assuming an initial concentration of 1 wt % palmitic acid and 99 wt % ammonium sulfate. 
Using this composition as a starting point yielded the same results as the previous calculations. 
For the experiments presented here, da, rp and dg for ammonium sulfate were 0.78 µm, 1.77 
g/cm3 and 0.59 µm respectively. For mixed particles, da, rp and dg were 0.90 µm, 1.18 g/cm3 and 
0.83 µm respectively.  
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4.3 Results 
4.3.1 Deliquescence and efflorescence 
To determine if solid particles are likely to exist in the atmosphere where cirrus clouds 
form, it is necessary to establish the deliquescence (phase transition from solid to solution) and 
efflorescence (phase transition from solution to solid) relative humidities (RH). At temperatures 
near 298 K, it is widely accepted that pure ammonium sulfate deliquesces at 80 % RH and 
effloresces at 35 % RH (i.e. [Cziczo et al., 1997; Wise et al., 2005]).  While there is little 
temperature dependent data available, Onasch et al., [1999] found that the deliquescence RH 
(DRH) for ammonium sulfate increases slightly as the temperature of the particles decrease, but 
that the efflorescence RH (ERH) is independent of temperature. Similar DRH and ERH for 
mixed ammonium sulfate/organic particles are not available as a function of temperature. Using 
the Raman microscope setup described in Chapter II, the water uptake characteristics of 
ammonium sulfate, ammonium sulfate coated with palmitic acid, and palmitic acid particles were 
studied over the temperature range 235-265 K.  
A typical water uptake experiment performed for ammonium sulfate at 245 K is 
presented in Figure 4.1. Each panel (A-F) shows the Raman spectrum collected at a particular 
RH from the ammonium sulfate particle pictured above the crosshairs in the inset. The RH at 
which ammonium sulfate took up water was difficult to determine visually because the particles 
were essentially spherical when dry. However, water uptake was evident in the Raman spectrum 
when a peak with a maximum at approximately 3500 cm-1 appeared. In the experiment shown in 
Figure 4.1, the ammonium sulfate particles began to take up water at approximately 82.5 % RH 
(panel C). If the RH was reduced at this point, the particle would lose water and return to its 
original state (panel A and B). Therefore, at 82.5 % RH, the particle had some water associated  
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Figure 4.1 Ammonium sulfate deliquescence and efflorescence experiment at 245 K. In 
panels A – C, relative humidity is increased in the environmental cell until the 
particles deliquesce (panel D). Deliquescence is indicated spectroscopically by a 
large peak at ~ 3500 cm-1 in the Raman spectrum and indicated visually by an 
increase in size of the particles. After deliquescence, relative humidity is 
decreased in the environmental cell (panel E) until the peak due to water in the 
Raman spectrum disappears (panel F). The disappearance of the water peak 
indicates efflorescence. 
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with it, but it did not deliquesce. Furthermore, additional water uptake experiments showed that 
if the RH was held constant (just below 83 % RH) for approximately thirty minutes, the particles 
did not deliquesce. This phenomenon was also observed by Wise et al., [2007] in their studies of 
water uptake by salt particles using an environmental transmission electron microscope. 
At 83.1 % RH (panel D), the ammonium sulfate particles deliquesced. Deliquescence was 
accompanied by a large increase of the water peak in the Raman spectrum as well as a 
discernable increase in the physical size of the particle (as seen in the optical image). This result 
is consistent with the DRH determined by Onasch et al., [1999] at 245 K for freely floating 
particles. After deliquescence, the RH in the environmental cell was decreased until 
efflorescence was observed (panel F). This transition was accompanied by the disappearance of 
the water peak in the Raman spectrum. For this experiment, efflorescence occurred at 32.6 % 
RH. This result is consistent with the efflorescence relative humidity (ERH) determined by 
Cziczo et al., [1997] for freely floating particles. Thus the substrate does not appear to affect the 
water uptake and loss properties of ammonium sulfate particles. 
Figure 4.2 shows the results of water uptake and loss experiments performed on 
ammonium sulfate particles and ammonium sulfate particles coated with palmitic acid as a 
function of temperature. Each point on the graph represents the average DRH (filled symbols) or 
ERH (open symbols) of at least 3 different water uptake/loss experiments. The error bars on the 
points correspond to the standard deviation of those experiments. Between the temperatures of 
245 K and 265 K, ammonium sulfate (circles) deliquesced at RH values consistent with that 
determined by Onasch et al., [1999] (solid line) and effloresced at RH values consistent with 
accepted values [Cziczo et al., 1997] (dashed line). Ammonium sulfate particles coated with 
palmitic acid had water uptake and loss characteristics similar to that of pure ammonium sulfate.  
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Figure 4.2 Deliquescence relative humidity (DRH) and efflorescence relative humidity 
(ERH) versus temperature for the various particles in this study: ammonium 
sulfate DRH (filled circles), ammonium sulfate ERH (open circles), ammonium 
sulfate coated with palmitic acid DRH (filled diamonds) and ammonium sulfate 
coated with palmitic acid ERH (open diamonds).  The results of this study are 
compared to results of other studies: ammonium sulfate DRH (solid line, [Onasch 
et al., 1999]), ammonium sulfate ERH (dashed line, [Cziczo et al., 1997]) and 
ammonium sulfate coated with palmitic acid (filled triangle, [Garland et al., 
2005]).  
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At temperatures ranging from 245 to 265 K, the coated particles deliquesced (diamonds) at 
average RH values between 73 and 77 % RH and effloresced at approximately 35 % RH.  
Water uptake experiments were also performed on pure palmitic acid particles. It was 
found that over the range of 0 to 100 % RH, the particles did not deliquesce. Pure palmitic acid is 
considered a non-deliquescent material due to its low solubility in water (0.0007 g/ mL, [Yaws, 
1999]). The lack of water uptake using the Raman system confirms that it is a non-deliquescent 
material. Therefore, these points do not appear in Figure 4.2. 
Water uptake and loss experiments for each type of particle were performed at 
temperatures as low as 235 K. At 235 K, it was found that ice nucleated on a small fraction of 
dry particles while other particles deliquesced. This result implies that at conditions around 235 
K three different types of particles are possible: ice, effloresced and deliquesced particles. 
Because of the complication of multiple particle types, the DRH and ERH were not determined 
at 235 K.  
Garland et al., [2005] previously performed water uptake experiments on freely floating 
ammonium sulfate particles coated with palmitic acid using a flow tube apparatus at 273 K 
(filled triangle). The current results with the coated particles are consistent with Garland et al., 
[2005] in that the palmitic acid coating did not appreciably affect the water uptake characteristics 
of the particles. However, the experiments performed here extend the work of Garland et al., 
[2005] by providing data at lower temperatures. Furthermore, Garland et al., [2005] did not 
study individual particles or ice nucleation. 
4.3.2 Depositional ice nucleation 
Because the DRH and ERH of mixed ammonium sulfate/palmitic acid particles are 
similar to pure ammonium sulfate, and ammonium sulfate is thought to be frequently dry in the 
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upper troposphere [Jensen et al., 2010], mixed particles should similarly be dry part of the time. 
Depositional ice nucleation on solid ammonium sulfate particles has been previously studied 
using flow tubes [Wise et al., 2008], cloud chambers [Abbatt et al., 2006; Mangold et al., 2005] 
and hydrophobic supports [Abbatt et al., 2006; Shilling et al., 2006]. In the previous study 
(Chapter III), it was shown that solid ammonium sulfate can act as an efficient ice nucleus with 
Sice values of 1.1 ± 0.1 at temperatures between 214 and 235 K. Depositional ice nucleation on 
solid ammonium sulfate was repeated here to validate the experimental method and to use as a 
basis of comparison for other types of particles in this study. The results of experiments 
performed between 220 and 230 K are plotted in Figure 4.3. Each point represents the average of 
at least three depositional ice nucleation experiments and the error bars are the standard deviation 
of those experiments. The results between 220 K and 230 K (open circles) agree well with 
previous results for ammonium sulfate (Chapter III or Baustian et al., [2010] (solid line); namely 
that depositional ice nucleation on solid ammonium sulfate particles occurs at an Sice value of 
approximately 1.1. Furthermore, the Sice values determined here are similar to those observed by 
others using different techniques [Abbatt et al., 2006; Mangold et al., 2005; Shilling et al., 2006; 
Wise et al., 2008]. Thus the substrate does not appear to affect depositional ice nucleation on 
ammonium sulfate particles. There was no dependence of the value of Sice on ice nuclei size and 
the same particle did not nucleate ice twice if depositional ice nucleation experiments were 
repeated. These findings illustrate the seemingly random nature of depositional ice nucleation on 
particles having the same nominal composition. Froyd et al., [2010] also observed no preference 
of freezing by larger particles. Because both solid and deliquesced ammonium sulfate particles 
were present at 235 K, Sice was not determined at this temperature. 
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Figure 4.3 Sice versus temperature for the various particles in this study: ammonium sulfate 
(open circles), ammonium sulfate coated with pure palmitic acid (open 
diamonds), processed ammonium sulfate coated with palmitic acid (open bowties) 
and palmitic acid (filled squares). The dashed/dotted line represents a fit to the 
palmitic acid data and the solid line represents a fit to the depositional ice 
nucleation data on ammonium sulfate collected by Baustian et al., [2010] 
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Depositional ice nucleation experiments were also performed on pure palmitic acid 
particles and ammonium sulfate particles coated with palmitic acid. The Sice values for pure 
palmitic acid particles are shown as filled squares in Figure 4.3. It can be seen that pure palmitic 
acid particles are less efficient ice nuclei than ammonium sulfate especially at low temperatures 
(Sice ranging from 1.25 to 1.50). The dashed/dotted line in Figure 4.3 represents a linear fit of 
these data from 220 to 230 K. This result is consistent with the previous study in which pure 
glutaric acid particles depositionally nucleated ice at higher Sice values than pure ammonium 
sulfate. 
A typical depositional ice nucleation experiment for ammonium sulfate coated with 
palmitic acid is presented in Figure 4.4. Panel A shows the first ice crystal (at 50X 
magnification) to nucleate. After ice formation, the particle was slowly heated and the RH 
reduced to 0 % so that ice sublimed from the particle. The Raman spectrum in panel B was 
collected from the particle that nucleated the ice (shown at 100X magnification in panel C). The 
spectrum of the particle contained both ammonium sulfate and palmitic acid features and was 
thus consistent with an internally mixed particle.  
Numerous ice nucleation experiments were performed on coated ammonium sulfate 
particles. The results of these experiments are included in Figure 4.3 (open diamonds). Over the 
temperature range studied, the coated particles act as efficient ice nuclei with Sice values 
comparable to pure ammonium sulfate particles and much lower than pure palmitic acid. As an 
additional check on the ice nucleating ability of the coated particles, depositional ice nucleation 
experiments were performed on mixed particles that were first deliquesced and then effloresced 
prior to ice nucleation. The Sice values for “processed” particles are shown as open bowties in  
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Figure 4.4 Depositional ice nucleation experiment conducted on ammonium sulfate particles 
coated with palmitic acid. Panel A shows the first ice particle that nucleated on 
the substrate. The Raman spectrum (panel B) was collected from the mixed 
particle that nucleated ice (boxed in panel C). Panel D is a compositional map of 
the ice nucleating particle. The first map shows the area of the particle that 
contains ammonium sulfate. The hot colors on the map indicate a high ammonium 
sulfate concentration whereas the cold colors indicate areas of low ammonium 
sulfate concentration. The second map shows the area of the particle that contains 
palmitic acid. The dark grey areas on the map indicate a high palmitic acid 
concentration whereas the lighter grey areas indicate areas of low palmitic acid 
concentration. The final map is the combination of the ammonium sulfate and 
organic maps.  
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Figure 4.3. The processed particles exhibited the same ice nucleating ability as particles that 
were not processed prior to ice nucleation. 
4.3.3 Composition of the coated particles 
To gain insight into why ammonium sulfate particles coated with palmitic acid had the 
same DRH, ERH and ice nucleating abilities as pure ammonium sulfate, additional experiments 
were performed probing the morphology of the mixed particles. The coating thickness was first 
estimated using a TSI aerodynamic particle sizer. The mode aerodynamic diameter of pure 
ammonium sulfate particles was found to be 0.8 µm. The mode aerodynamic diameter of the 
coated ammonium sulfate particles was found to be 0.9 µm. A rough calculation of coating 
thickness was carried out assuming that the palmitic acid covered the ammonium sulfate evenly. 
Using this information, the thickness of the coating was determined to be approximately 0.12 µm 
and the percent by mass of palmitic acid in the particles to be approximately 47 % (see 
Experimental section for details). 
 It is possible that the ammonium sulfate particles in this study were not evenly coated 
with palmitic acid. Therefore, the Raman microscope was used to determine which portions of a 
single particle contained ammonium sulfate and which portions contained palmitic acid. Figure 
4.4, panel D shows the particle that nucleated ice (panel C) mapped for ammonium sulfate and 
palmitic acid. The first map shows where ammonium sulfate is concentrated in the particle. The 
hot colors correspond to high ammonium sulfate concentrations and the cold colors correspond 
to low concentrations. The second map shows where palmitic acid is concentrated in the particle. 
The dark gray colors correspond to high palmitic acid concentrations and light gray colors 
correspond to low palmitic acid concentrations. The final map is an overlay of the ammonium 
sulfate map and the palmitic acid map. 
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The particle shown in Figure 4.4 contains ammonium sulfate and palmitic acid with the 
greatest concentration of each component near the center of the particle. Due to the spherical 
nature of each particle, the laser beam of the Raman microscope interacts more with the center of 
the particle (which is thicker) than the edges. Therefore, it is reasonable that the center appears to 
have more of each component than the edges. However, some portions of the edge of each 
particle contain only palmitic acid and some portions contain only ammonium sulfate. The 
arrows in panel D highlight a portion of the particle where only palmitic acid or only ammonium 
sulfate is located. It is apparent that some of the surface of the coated particle contains only 
ammonium sulfate and some of the surface of the coated particle contains only palmitic acid. 
Numerous mixed particles were mapped in the same manner and they all had similar morphology 
to the particle shown in Figure 4.4. 
4.4 Discussion 
 A number of water uptake experiments have been carried out with inorganic particles 
containing soluble and insoluble organic compounds at room temperature. Studies of mixed 
inorganic and soluble organic compounds generally show that the addition of the organic 
compound decreases the DRH (i.e., [Brooks et al., 2003; Choi and Chan, 2002; Cruz and Pandis, 
2000; Marcolli et al., 2004; Prenni et al., 2003; Wise et al., 2003]). In contrast, studies of salts 
mixed with insoluble organic compounds typically indicate that the organic compound has little 
influence on the DRH. 
Hameri et al., [2002], Prenni et al., [2003], and Yeung et al., [2009] studied the water 
uptake characteristics of ammonium sulfate internally mixed with adipic acid. In addition, Cruz 
and Pandis, [2000] studied the water uptake characteristics of internally mixed ammonium 
sulfate and pinonic acid. Each study was carried out at temperatures close to 298 K. The 
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conclusions of each of these studies were that the DRH of the internally mixed particles 
resembled that of pure ammonium sulfate particles. The only difference between the DRH of 
ammonium sulfate and that of the internally mixed particles was that in some mixtures, the 
mixed particles began to take up water as low as 70 % RH. Najera and Horn, [2009] determined 
that the DRH of ammonium sulfate particles (at 295 K) was slightly lowered or not affected at all 
by the presence of various thicknesses of oleic acid (21,44 and 109 nm). Chan and Chan, [2007] 
found that when ammonium sulfate was coated with 34 wt % octanoic acid, mass transfer of 
water to and through the organic coating led to a significant delay in deliquescence and 
efflorescence but that the particles the particles still deliquesced at ~ 83 % similar to that of pure 
ammonium  sulfate. 
The current work on the water uptake and loss characteristics of ammonium sulfate 
particles coated with an insoluble organic compound finds similar results to the work done in the 
past. Specifically, the coated particles have the same DRH as pure ammonium sulfate and the 
coating does not affect the ERH. A hypothesis used to explain this type of behavior is that the 
insoluble organic coating generated on the ammonium sulfate particles is incomplete (i.e. 
[Garland et al., 2005; Najera and Horn, 2009]). Thus a portion of the ammonium sulfate core is 
exposed to ambient relative humidity, which then dictates the water uptake and loss 
characteristics of the entire particle. The mapping experiments shown here indicate that the 
coating can be incomplete, thus explaining the water uptake and loss experiments in the present 
work, and possible past work as well.  
The current work agrees with previous work that ammonium sulfate particles are good 
ice nuclei whereas organic particles are inefficient ice nuclei. The same hypothesis used to 
explain the DRH and ERH data can be used to explain the ice nucleating ability of the coated 
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particles. The mapping experiments show that portions of the coated particles are composed of 
pure ammonium sulfate with no organic present. Therefore, this portion of the particle can 
induce depositional nucleation with the same efficiency as a pure ammonium sulfate particle. 
Thus, partial organic coatings do not influence the ice nucleating ability of mixed particles. 
If ammonium sulfate particles were fully coated in organic material, the authors expect 
the organic coating would have influenced the water uptake and ice nucleation properties of the 
particles. This hypothesis remains to be tested using a method for coated-particle generation that 
ensures the core particle is fully encased in organic material. The present study, however, 
remains valid because aerosol particles consisting of organic/sulfate mixtures are likely exist 
with various morphologies in the upper troposphere.  
4.5 Atmospheric Implications 
Using the RH of air parcels in a trajectory study in the tropical tropopause region, Jensen 
et al., [2010] showed that if the ambient particles were pure ammonium sulfate they would be 
solid 20-80 % of the time. Using this information and the fact that measured ice properties do not 
support a homogeneous ice nucleation pathway in the tropical tropopause region, Jensen et al., 
[2010] hypothesized that solid ammonium sulfate particles are potential ice nuclei candidates. 
However, recent work by Froyd et al., [2010] showed that the particles in this region of the 
upper troposphere are predominately sulfates mixed with organic compounds.  
The results presented in this study show that at temperatures between 240 and 270 K, the 
deliquescence and efflorescence phase transitions of ammonium sulfate and mixed ammonium 
sulfate/organic particles are similar. Furthermore, at temperatures between 220 and 230 K, the 
ice nucleation characteristics of ammonium sulfate and mixed particles are similar. These results 
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suggest that even if ammonium sulfate particles were mixed with organic compounds, they could 
still be potential ice nuclei candidates according to the Jensen et al., [2010] hypothesis.  
The modeling studies presented by Jensen et al., [2010] were carried out at temperatures 
below 200 K. In order for the experiments presented here to support Jensen et al., [2010], the 
data must be extrapolated to temperatures less than 200K. There is a slight temperature 
dependence in the RH values at which the deliquescence phase transition occurred over the 
temperature range studied. The deliquescence data for both pure ammonium sulfate and mixed 
particles are similar to that found by Onasch et al., [1999]. Using a linear fit to the deliquescence 
data determined by Onasch et al., [1999] between 245 and 290 K (DRH = -0.0658(T) + 99.25 
where T is temperature in Kelvin), the DRH of both ammonium sulfate and the mixed particles is 
approximately 86 % RH at 195 K.  There does not appear to be a temperature dependence in the 
RH values at which the efflorescence phase transition occurred over the temperature range 
studied. Extrapolation of the data to 195 K would result in an ERH of approximately 34 % RH 
for both pure ammonium sulfate and mixed particles. If the organic compounds observed by 
Froyd et al., [2010] are similar to the insoluble palmitic acid studied here, mixed particles in the 
tropical tropopause region could likely be solid as well, even at the lower temperatures of the 
tropical tropopause. 
Similarly there is a small temperature dependence in the Sice values for pure ammonium 
sulfate and the mixed particles over the temperature range studied. However, the Sice values 
observed for the pure ammonium sulfate and the mixed particles are approximately the same and 
they are consistent with Sice values determined by Baustian et al., [2010]. Therefore, the fit to the 
Sice data determined by Baustian et al., [2010] can be used to extrapolate the data presented here 
to 195 K. Extrapolating our data to 195 K results in an Sice value of approximately 1.2 for both 
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pure ammonium sulfate and mixed particles. This value is still much lower than that needed for 
homogeneous ice nucleation. It is thus plausible that depositional ice nucleation on solid particles 
controls cirrus cloud nucleation in the tropical tropopause region, in contrast to previous 
assumptions of homogeneous nucleation. Because heterogeneous nucleation is selective, the 
resulting ice particles will be fewer in number, yet larger, than particles formed in homogeneous 
nucleation. While past studies have suggested mineral particles as a dominant heterogeneous ice 
nucleator in convective regions at warmer temperatures, the present works suggests 
heterogeneous nucleation on sulfate particles may be far more prevalent than previously believed 
in the atmosphere. 
 
________________ 
Chapter V 
Importance of Aerosol Composition, Mixing state and Morphology for Depositional Ice 
Nucleation: A Combined Field and Laboratory Approach 
________________ 
5.1 Introduction 
All previous experiments using the Raman system were performed using idealized 
laboratory-generated aerosol particles. Here we probe ice nucleation on collected ambient 
aerosol particles. Particles were collected at a high altitude research site (Storm Peak Laboratory) 
located in the Rocky Mountains of Northwest Colorado. Results from Raman analysis of coarse 
mode aerosol and concurrent measurements of fine mode aerosol and IN composition by single 
particle mass spectrometry are reported. A compact ice nucleation chamber in line with a 
pumped couterflow virtual impactor (PCVI) and Particle Analysis by Laser Mass Spectrometry 
(PALMS) instrument was used for in situ analysis of ice-forming particles. A cascade impactor 
was used to collect coarse mode samples for Raman analysis in the laboratory. The present study 
is designed to investigate how the physical and chemical properties of aerosol particles influence 
ice formation in the heterogeneous regime at temperatures relevant for cirrus cloud formation. 
This study also represents the first attempt to study ice nucleation on ambient aerosol samples 
using Raman spectroscopy and demonstrates the utility of this technique to provide detailed 
information about ice nucleation at the single particle level.  
5.2 Experimental Methods and Sampling 
5.2.1 Field campaign 
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 This study was conducted as a part of the Storm Peak Aerosol and Cloud Composition 
Study (SPACCS) 2010 campaign. Air sampling was conducted during Janurary 2010 at DRI’s 
Storm Peak Laboratory located at 3210 m in Northwestern Colorado (106.74°W, 40.45°N) 
[Borys and Wetzel, 1997]. The mountain-top research facility is uniquely situated for conducting 
studies of the free troposphere and aerosol-cloud interactions given that it is frequently above 
cloud base and generally has a clear upwind fetch. Throughout the campaign ambient 
temperature, pressure, relative humidity, and other standard meteorological variables were 
continuously monitored along with size-resolved aerosol concentrations.  
5.2.2 Raman analysis 
5.2.2.1 Coarse mode particle collection 
 Aerosol samples were collected on quartz substrates for Raman spectroscopic analysis 
using a cascade impactor operating in cloud-free conditions at a flow rate of 4 L/min. A single 
impactor stage, with a 50% cutoff diameter of ~ 1 µm was used for coarse-mode particle 
collection. The fixed-plate impactor was operated in an inverted manner to prevent debris from 
contaminating the sample. After collection, sample analysis by Raman spectroscopy and ice 
nucleating activity of the particles were determined in the laboratory. Results presented here are 
from repeated experiments conducted using a single coarse mode sample that was collected 
concurrently with measurements made using single particle mass spectrometry.  
The ~1 µm cutoff diameter provided only a lower bound for aerosol size, Raman 
spectroscopy was therefore used to carefully count every particle and calculate average particle 
size. A mosaic of optical microscope images recorded at 50X magnification was used to exam 
the entire sample and allowed for systematic counting, measuring and spectral analysis. This 
method was also used to ensure that particles examined were not duplicates. 
 61 
Collected particles were ≥ 1µm aerodynamic diameter, defined here as coarse mode 
particulate. Previous measurements of heterogeneous IN suggest that most are > 0.5 µm in 
diameter, representing a small subset of the total aerosol particle population by number [Cziczo 
et al., 2006; DeMott et al., 2010]. [Santachiara et al., 2010] find that particles ≤1 µm in diameter 
account of ~ 50% of ambient IN concentration and that particles less than 10 µm account for 70-
90% of ambient IN concentrations. DeMott et al., 2011 recently used the observed correlation 
between IN concentration and abundance of particles > 0.5 microns to create a parameterization 
for heterogeneous ice nucleation that reduces potential error in predictions of IN concentrations 
by a factor of 100. The size range of coarse mode particulate examined in the present study is not 
only atmospherically relevant, but also includes the typical size range for atmospheric IN 
particles. Dust particles that have previously been observed at Storm Peak Laboratory [Hallar et 
al., 2011; Obrist et al., 2008], and which are considered to be effective IN [Cziczo et al., 2004a; 
DeMott et al., 2003a; DeMott et al., 2003b] are also often present in the coarse mode aerosol.  
5.2.2.2 Raman micro-spectroscopy 
The Raman system used for analysis of the impacted particles, including modifications 
and calibrations, has been previously described in detail in Chapter II.  
In the present study, both individual spectra and spectral maps were acquired in a point-
by-point manner. A frequency doubled Nd:YVO4 DPSS laser operating at 532 nm was used for 
molecular excitation. Spectra were obtained using 50X and 100X microscope objectives which 
have laser spot sizes on the same order as the diffraction limited spatial resolution of the optical 
microscope, about 1 µm in diameter. Between 12 and 128 exposures of 0.5 s each were averaged 
to generate the individual spectra presented in this study. Laser power was kept as low as 
possible to prevent damage to the sample. Laser damage was easily detected using both visual 
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inspection and spectral evidence. In the event that laser damage did occur, the particle was 
deemed of unknown composition. 
Raman mapping was used to gather information about the spatial distribution of 
chemicals within individual particles of interest. Two dimensional spectral maps were created by 
gathering individual spectra in 1 µm steps over the entire XY plane of individual particles. The 
50X or 100X microscope objectives were utilized along with an automated mapping program 
and high precision motorized stage to ensure accurate particle mapping. Individual spectra were 
used for aerosol identification while spectral maps were used to characterize the spatial 
distribution of chemical species within particles of interest. An automated smoothing routine that 
employs linear pixel averaging was used to create spectral maps from individual spectra. 
Because of their relatively low resolution, these maps were not used as a quantitative means for 
determining chemical abundances, but rather as a qualitative depiction of the distribution of 
chemical species within single particles. 
5.2.2.3 Raman spectral classification 
 Raman spectra that exhibited similar physical and chemical traits were binned into groups 
according to the presence of characteristic Raman frequencies. The vast majority (> 90 %) of the 
spectra obtained in this study exhibited characteristic frequencies associated with one or more of 
the following functional groups: hydrocarbons, sulfates, nitrates, mineral/carbonates, 
ammonium, and alcohols. Characteristic bands for these functional groups are shown in Figure 
5.1. One additional category, ‘other’ was necessary for classifying particles lacking any 
distinctive peaks necessary for identification (including those that suffered damage from the laser 
or those that were highly fluorescent). Particles categorized as ‘other’ made up less than 5.7 ± 
1.8 % of the total particles sampled. Characteristic Raman frequencies used to assign particle  
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Figure 5.1  Characteristic Raman vibrational frequencies of six functional groups commonly 
associated with spectra obtained in this study. Spectra were binned into groups 
according to the following spectral ranges: sulfates, sharp peak between 972 – 
1008 cm-1; nitrates, sharp peak 1032 – 1069 cm-1, carbonates, 1070 - 1090 cm-1; 
C-H vibrations indicative of organic material, 2800 -3000 cm-1; ammonium, broad 
peak 3200-3400 cm-1, primary or secondary alcohols, 3250- 3650 cm-1.  
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composition were determined using common references, databases, literature and verified by 
examining chemical standards using our Raman system [Baranska et al., 1987; Batonneau et al., 
2006; Coleyshaw et al., 2003; Ivleva et al., 2007; Lin-Vien et al., 1991; Mikkelsen et al., 1999; 
Nyquist et al., 1997; Potgieter-Vermaak and van Grieken, 2006; Sadezky et al., 2005; Tang and 
Fung, 1989]. 
The majority of Raman spectra obtained from the ambient aerosol sample tend to exhibit 
some degree of fluorescence. This is typically due to the presence of complex organic material 
with conjugated double bonds, biological material, soot or a class of organic molecules termed 
humic-like substances (HULIS) [Ivleva et al., 2007]. The degree of fluorescence observed in this 
study was highly variable and included a fraction of spectra that exhibited such a high degree of 
fluorescence that the CCD detector was saturated. Such particles were placed in the category 
‘other’ since no specific molecular information could be obtained.  
5.2.2.4 Heterogeneous ice nucleation experiments 
Raman analysis was used to investigate ice nucleation on the collected coarse mode 
sample. A series of ice nucleation experiments were performed at temperatures ranging from 210 
K to 230 K. For each experiment, cell temperature was held constant and RH (starting at 0 %) 
was increased slowly until the presence of ice was detected using optical microscopy. Selective 
ice nucleation events were used to identify single micron-sized IN particles and Raman 
spectroscopy was used to probe their composition. For each experiment, RH was increased at a 
relative rate of humidity change between 1 – 10 % per min. Ice nucleation events were quantified 
by calculating Sice values as a function of temperature observed at the onset of each 
heterogeneous ice nucleation event. To ensure that ice preactivation did not influence results, for 
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repeated freezing experiments, the sample was warmed to 298 K and dried to 0 % RH before the 
next experiment was initiated.  
5.2.3 PALMS instrument and ice chamber 
In situ analysis of background aerosol and subsequent ice residue chemical composition 
and size was conducted using an ice nucleation chamber [Friedman et al., 2011] coupled to the 
Particle Analysis by Laser Mass Spectrometry (PALMS) instrument [Cziczo et al., 2006]. 
Briefly, aerosol particles were drawn into PALMS using differential pumping stages where they 
were detected and sized according to their aerodynamic diameter by two continuous visible laser 
beams (532 nm) set a known distance apart. Particles were subsequently ablated and the 
components ionized using a pulsed UV (193 nm) laser. The single-particle mass spectra were 
detected with a time of flight reflectron mass spectrometer. Particles observed by PALMS during 
SPACCS were between 200 nm and 2000 nm in diameter, spanning parts of the fine and coarse 
modes of atmospheric aerosols.  
During SPACCS a quasi-isokinetic inlet with an in-line impactor drew 10 L/min from the 
atmosphere. The cyclone impactor was operated at a 50 % cutpoint of 1 micrometer. Due to the 
cutpoint, particles up to 2 micrometers were observed. Two experiments were conducted. First, 
air was directed straight into the PALMS instrument for sampling the chemical composition of 
the background, or total, aerosol. Second, air was directed into the ice nucleation chamber where 
water vapor diffusion between the two ice-coated surfaces held at different temperatures created 
a supersaturated environment through which the aerosol flow passed. Here particles were 
exposed to temperature and saturations that are representative of conditions responsible for 
heterogeneous ice formation in the upper troposphere (T = 230 ± 1 K and Sice = 1.4 ± 0.05). The 
output flow from the ice chamber was directed into an evaporation region held at ice saturation 
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so that any water droplets that formed would be removed. The flow was then sent into a pumped  
counterflow virtual impactor (PCVI, described by [Kulkarni et al., 2011]) with a 50 % cutpoint 
of ~ 3 micrometers so that ice crystals were separated from un-activated aerosol and droplet 
residuals. Inside the PCVI, a counterflow of dry N2 was used to remove any condensed phase 
water, allowing the remaining ice crystal residuals, hereafter termed IN, to be sampled by 
PALMS.  
In this study, mass spectra collected provide a qualitative depiction of the aerosol on a 
particle-by-particle basis. Negative spectra often contained fragments of sulfates, nitrates, 
organics, and chlorine-containing species. Generally, positive ions contained metallic 
components of mineral and anthropogenic origin, potassium from mineral dust and biomass 
burning, sulfate and organic fragments. Particles observed using PALMS were grouped into 
spectrally similar categories. Positive ion categories, according to the method outlined in DeMott 
et al., [2003], are sulfate/organic mixtures, potassium- and carbon-containing particles (i.e., 
biomass burning), mineral dust, elemental carbon/vanadium (fuel combustion), and metallic 
particles. 
Technical differences between the Raman and PALMS instruments led to differences in 
the information provided by their spectra and what size of particulate matter can be examined. 
Raman spectroscopy gives bonding information of stable species via vibrational spectroscopy 
and without breaking chemical bonds. In contrast, mass spectrometry uses laser ionization to 
fragment aerosol constituents for analysis by mass spectrometry. Thus, different chemical 
information is obtained from the two techniques. However, data gathered from these two types of 
instruments can be used for complementary analysis. While PALMS and the ice chamber allow 
for in situ analysis of a large number of particles, information on the spatial variation of chemical 
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constituents, functional groups and morphology of the single particles is only available from the 
Raman analysis. PALMS can gather chemical information on particles smaller than the detection 
limit for Raman spectroscopy, whereas the Raman can examine IN of sizes > 2 µm that were not 
sampled by PALMS, due to inertial separation before entering the ice chamber.  
5.3 Results and Discussion 
5.3.1 Sampling conditions, airmass transport and aerosol conditioning 
The coarse mode sample for Raman analysis was collected from 3:35-9:37 A.M. 
mountain standard time (MST) on 26 January 2010 and contained 2162 particles equal to or 
greater than 1 µm in diameter. The average particle size for the sample was 4.3 ± 2.5 µm. 
Particles did not appear to agglomerate on the substrate, they were deposited well-separated from 
one another in a circle ~ 1 mm in diameter. From 1:37–2:03 A.M. MST and 4:16-5:20 A.M MST 
on 26 January 2010, PALMS was used to gather 3840 mass spectra of ambient particles in 
positive and negative polarity modes. During the intermediate period (2:27–3:22 A.M. MST), 
PALMS was attached to the ice chamber via the PCVI to characterize the subset of particles that 
heterogeneously nucleated ice. In total, mass spectra of 204 IN were collected using the PALMS 
setup.  
Information about the air parcel history, transport and predicted RH environment of the 
sampled airmass was obtained using NOAA’s HYSPLIT model (Hybrid Single-Particle 
Lagrangian Integrated Trajectory [Draxler and Rolph, 2011; Rolph, 2011]). NCEP/NCAR 
reanalysis data from January 2010 was used to create HYSLPIT modeled outputs. From the 
ending location of Storm Peak Laboratory at 3210 m, predicted airmass backtrajectories were 
generated for 48 hours prior to the end of aerosol sampling. HYSPLIT trajectories indicate that 
sampled particles originated from the regions west of Storm Peak Laboratory. 48 hours prior to 
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sampling the airmass was at low elevations (~500 m above mean sea level (AMSL)) over the 
Pacific ocean near the coast of California. The airmass was lofted to higher altitudes near the 
California/Nevada border on 25 January 2010 and remained above 2500 m AMSL until after the 
sampling period. The mixed depth layer for this same time was below 1000 m AMSL, so the air 
sampled should contain aerosol particles that had been above the turbulent mixing zone for at 
least 24 hours. RH backtrajectories for this same period show that RH levels in the airmass were 
in excess of 90 % near the coast of California. RH levels gradually decreased as the air was 
lofted but never dropped below 50 %. During the sampling period, HYSPLIT trajectories predict 
RH levels of 87 % at Storm Peak Laboratory, while direct measurements indicate that RH levels 
were around 97 % during the sampling period. Measurements indicate the RH never exceeded 
100 % during sampling. At such high RH levels most of the hygroscopic aerosol particles 
sampled would have been deliquesced at the time of sampling [Martin, 2000]. The sample for 
Raman analysis, however, was dried by bringing it to laboratory temperature and RH. After this 
initial drying, the samples were stored and transported in an RH environment of < 30 % 
experimentation. Hence, we believe the particle sizes given in this study reflect the dry particle 
diameters. 
5.3.2 Raman analysis of coarse mode particulate 
Aerosol particles collected exhibited a wide range of chemical characteristics including 
organic material, carbonates, sulfates and nitrates. Spectra of 175 randomly selected particles 
were collected. Specifically, in order to eliminate operator bias, the substrate was moved in a 
straight line and each particle that was illuminated by the laser was studied. The majority of the 
particles were composed of chemical mixtures in which one of the two main components was 
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organic material. The relative amount of organic material varied from particle to particle and 
ranged from trace amounts to 100 %. As shown in Figure 5.2A the overwhelming majority  
(97 ± 2 %) of the particles examined contained some amount of organic material. The remaining 
4 ± 2 % were composed of either pure carbonate-containing minerals or sulfates.  
Particle composition within the organic-containing particles is shown in Figure 5.2 B. 
While a significant portion of the particles examined were comprised of purely organic material 
(39 ± 4 %), many were internally mixed with other species. With the exception of organic 
material, chemical components generally remained externally mixed with respect to one another. 
Only a small subset (7 ± 2 %) of the total particles examined were found to be complex mixtures. 
Particles were categorized as complex if they contained more than three distinct chemical 
species. 
Nitrates were detected in 17 ± 3 % of the particles. Several other groups that have used 
Raman spectroscopy for analysis of ambient aerosol particles have also commonly observed 
nitrates in the larger aerosol size fractions [Batonneau et al., 2006; Ivleva et al., 2007]. The 
majority of nitrate detected in this sample had several sharp characteristic Raman peaks 
matching those of sodium nitrate. Sodium nitrate is indicative of aged salts resulting from 
heterogeneous reactions of nitric acid on NaCl particles or crustal material. Aged salts can be 
associated with various sources; however, HYSPLIT backtrajectories show the sampled airmass 
at low altitudes near the coast of California which suggests the salts were likely of marine origin. 
The source of nitric acid is likely anthropogenic emissions from urban centers in California that 
the airmass encountered before being lofted to higher altitudes [Gard et al., 1998]. Sulfates in the 
coarse mode sample consisted of ammonium sulfate (7 ± 2 %) and other inorganic sulfate-
containing salts (6 ± 2 %) such as Na2SO4 (characteristic Raman frequency 996 cm-1). 
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Figure 5.2 Compositional summary of coarse and fine mode aerosol particles collected at 
Storm Peak Laboratory using both PALMS and Raman analyses. Plots A and D 
show the fraction of total aerosol containing some quantity of organic material, 
including trace amounts, detected using each technique. For plots B, C, E and F 
particles are classified according to their main constituents and therefore trace 
organic species are ignored. However, as demonstrated by plots A and D, the 
majority of the particles (from both background and IN fractions) not classified as 
“organic only” in plots B, C, E and F contained a minor organic component or 
organic coating.  
 71 
The second most prominent particle type observed in the coarse mode sample was 
mineral dust or crustal material detected using carbonate as a tracer; this classification may 
underestimate the fraction of mineral dust, the chemistry of which varies [Claquin et al., 1999]. 
18 ± 3 % of the particles were found to be carbonate-containing. The vast majority were calcium 
carbonate that was likely produced through primary mechanical processes such as weathering of 
crustal material.  
Pure organic particles were shown to comprise 39 ± 4 % of the total particles sampled. 
Although the oxidation state of the particles could not be conclusively determined using Raman 
spectroscopy, characteristic Raman signatures normally associated with oxygen (i.e. OH or C=O) 
were not often detected in non-fluorescent Raman spectra of background organic particles. These 
types of organic compounds were likely either freshly emitted or high molecular weight species 
that are resistant to oxidation. Spectra exhibiting a high degree of fluorescence indicate that some 
organic compounds consisted of humic substances, high molecular weight aliphatic and aromatic 
compounds [Ivleva et al., 2007]. Fluorescence signal from these types of particles often made it 
impossible to identify less intense peaks that may have been present. Some of the organic 
particles observed were also visually and spectrally similar to amorphous “tar balls” described by 
Posfai et al., [2003], Deboudt et al.,[2010] and Kamphus et al., [2010]. Tar balls are exclusively 
found in biomass or biofuel burning emissions. HYSPLIT trajectories indicate that the airmass 
sampled had been above the turbulent mixing layer for more than 24 hours prior to sampling; 
therefore it is unlikely the sample was affected by fresh wood fire emissions from the town of 
Steamboat Springs. Tar balls were likely from a source near the coast of California when the air 
mass was at lower elevations or from higher elevation sources in the Sierra Nevada Range.  
5.3.3 Raman mapping and particle coatings 
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 Raman mapping was used to determine the locations of chemical components within 
internally mixed particles. A significant fraction (15 ± 3 %) of the particles examined were 
observed to contain a coating of organic material surrounding an internal core. Two 
representative spectral maps are shown in Figure 5.3. The left panel shows a map of a particle 
that would generally be considered coated with organic material. In the coated example the 
particle core consists of ammonium sulfate (shown in red) that is fully encapsulated by organic 
material (shown in green). Organic coatings probably formed due to accumulation of 
carbonaceous material from both natural and anthropogenic sources via condensation during 
transport.  
For comparison, a map in the right panel of Figure 5.3 shows a particle that is not coated 
but contains of multiple constituents. This map represents a particle consisting of a complex 
chemical mixture including organic, carbonate and nitrate signatures. Regions containing nitrate 
are shown in blue and those corresponding to organic material (green) and carbonate (purple) 
have been layered on top. This spectral map corresponds to a mineral dust particle that has 
accumulated organic and nitrate material through condensation.  
5.3.4 PALMS analysis of fine and coarse mode particulate  
A summary of PALMS spectral results obtained during total aerosol sampling is shown 
in the bottom panel of Figure 5.2. Using the PALMS instrument, mixing state can be determined 
by the presence or absence of a component (e.g. organic species) in the single-particle mass 
spectra. Using negative ion spectra, the majority of (83 ± 3 %) particles contained one or more 
organic ions, similar to that observed using Raman spectroscopy. Almost all (~90 %) of the 
ambient aerosol particles were grouped into either the internally mixed sulfate and organic or 
biomass burning categories (Figure 5.2 E), similar to previous measurements (95 %) at Storm  
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Figure 5.3 Spectral map of an ammonium sulfate particle coated with organic material (left 
panel). The sulfate-containing region is highlighted in red and organic material is 
shown in green. The right panel shows a spectral map of a complex uncoated 
particle with regions containing nitrate (blue), organics (green) and a smaller 
region containing a carbonate signature (purple). Spectra shown at the bottom 
were obtained near the center of the particle and therefore contain signatures from 
multiple constituents.   
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Peak Laboratory [DeMott et al., 2003a]. Particles placed in the biomass burning category were 
defined as those containing both sulfates and organics, as well as potassium [Hudson et al., 
2004]; these particles may be those identified as tar balls using Raman analysis. Elemental 
carbon, mineral dust and metallic particles each represented less than 2 % of the total aerosol by 
number, similar to previous measurements at Storm Peak Laboratory [DeMott et al., 2003a].  
5.4.  Ice nucleation 
5.4.1 Results of Raman ice nucleation experiments 
A series of laboratory experiments were carried out to examine depositional ice 
nucleation efficiency on the coarse mode sample. The top panel of Figure 5.4 shows images and 
spectra taken during a typical ice nucleation experiment. An optical microscope image taken at 
50X magnification (Figure 5.4, top left) shows the ice crystal that marked the onset of ice 
formation in the experiment along with other non-IN particles that were present in the 50X field 
of view. The first ice nucleation event observed was used to establish the onset of ice formation. 
In the example experiment this was observed at low Sice values with respect to ice (Sice = 1 ± 
0.03). Spectra corresponding to the IN and other particles in the field of view are shown in 
Figure 5.4, top right. The spectrum of the IN particle contains only a trace organic signature and 
characteristic peaks associated with sodium nitrate are clearly visible. Particle 1, which did not 
initiate ice formation, also contained sodium nitrate and trace organic material. Particles 2 – 4 
were classified as purely organic, whereas particle 5 contains ammonium sulfate and organic 
material. Raman mapping was used to further probe particle 5, and it was found to consist of an 
ammonium sulfate core surrounded by a coating of organic material (the Raman map of this 
particle was previously shown as an example of a coated particle in Figure 5.3). 
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Figure 5.4 The top panels are optical images and spectra obtained during a typical ice 
nucleation experiment. Spectra shown on the top right have been color-coded to 
highlight compositional information obtained during the experiment. Peaks 
associated with the CH stretching of organic material are highlighted in green, 
ammonium is shown in yellow, and sulfate and nitrate peaks are highlighted in 
red and blue respectively. The bottom plot is a compilation of Sice data obtained 
from all ice nucleation experiments performed using the coarse-mode sample.  Sice 
data is plotted as a function of temperature, relative IN size and IN composition. 
Marker size is used to indicate relative IN size and IN composition is denoted by 
marker color. 
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Sice values calculated for the onset of freezing in each experiment are shown as a function 
of temperature, relative IN size and composition in the bottom panel of Figure 5.4. IN 
composition is indicated by marker color and marker size is used to represent relative IN particle 
size.In all cases ice formation for this sample was observed at low Sice values (Average Sice = 
1.04 ± 0.03) and was independent of temperature (210 K to 230 K examined). For several 
experiments in this study ice nucleation was observed at Sice values slightly below, but very 
close, to Sice = 1.0. Within error, water vapor was likely supersaturated with respect to ice around 
the individual particles that were observed to nucleate ice in each of these experiments. Average 
IN size for these experiments was 3.8 ± 1.4 µm, which is not significantly different from the 
average particle size for the sample. A graphical summary of IN composition is also shown in 
Figure 5.2 C. Of the particles that served as IN, the majority were found to be carbonate-
containing minerals (59 ± 12 %). The remaining IN particles were either organic (18 ± 9 %), 
nitrate-containing (6 ± 6 %) or of ‘other’ composition (18 ± 9 %). Ice was never observed to 
nucleate on the same particle twice. This could be due to the stochastic nature of ice nucleation 
or possibly because of microphysical changes in the particles due to ice deposition (deactivation) 
or repeated heating and freezing of the sample in between experiments. 
Raman analysis of the coarse mode IN particles revealed that they were enriched in 
minerals and depleted in nitrates and sulfates when compared to the composition of the total 
aerosol sampled. Observations in this study are consistent with other investigations that have 
suggested that carbonate particles can efficiently nucleate ice [Manson, 1957; Mason and 
Maybank, 1958; Zimmermann et al., 2008]. Klein et al., [2010] found 90% of sampled IN 
particles contained either silicate or calcium carbonate material, but found very few 
carbonaceous particles serving as IN using samples collected during a Saharan dust event. Reitz 
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et al., [2011] observed a reduction in IN-efficiency of Arizona Test Dust that was chemically 
etched using sulfuric acid. Since carbonates react with sulfuric acid, this serves as evidence that 
carbonates are part of the ice catalyzing active sites on the mineral surface. Sullivan et al., [2010] 
also found that the heterogeneous reaction of nitric acid with calcite and other carbonates tends 
to inhibit depositional ice formation.  
5.4.2 Ice residue composition from PALMS 
A single-particle mass spectrum of an example aerosol particle that heterogeneously 
nucleated ice in the ice chamber at 3:04 A.M. on 26 January 2010 is shown in Figure 5.5. The 
positive ion mass spectrum is indicative of a mineral dust particle that has taken up 
anthropogenic lead [Murphy et al., 2007] and can be a good ice nucleus [Cziczo et al., 2009b]. 
Sulfates and organics are not prevalent; therefore, this particle would generally be considered a 
bare, or uncoated, mineral dust particle. It should be noted that lead is known to be an easily 
ionizable substance, and although it is a relatively large peak in this spectrum, laboratory 
calibrations indicate it accounts for less than 1 % of the particle mass [Murphy et al., 2006].  
During the period of interest, IN concentration varied from 1 – 10 per liter and IN 
particles ranged in size from 200 – 2000 nm peaking at ~750 nm (aerodynamic diameter). 
PALMS analysis of 204 ice residues from the ice nucleation chamber (Figure 5.2 F), show that 
over three-quarters of the IN observed were mineral dust or metallic particles. Mineral dust 
detected in PALMS spectra largely consisted of aluminosilicate material. Significantly lower 
abundances of sulfate (7 ± 2 %) and biomass burning aerosol (7 ± 2 %) were observed in the ice-
active fraction than in the background aerosol. Mineral dust and metallic particles were greatly 
enriched in the ice-active aerosol fraction compared to total aerosol composition. These findings 
are similar to the composition of heterogeneous IN previously observed at Storm Peak  
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Figure 5.5 Positive polarity PALMS mass spectrum of a bare mineral dust IN particle. Major peaks 
include lead, barium, calcium, aluminum and iron.  
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Laboratory by DeMott et al., [2003] and in a follow-up study by Richardson et al., [2007]. 
Mineral dust/fly ash and metallic particles made up the largest proportion of heterogeneous IN in 
both studies; however, ~25 % of the IN were not particles traditionally considered efficient IN, 
such as biomass burning particles as well as mixed sulfate and organic particles. PALMS data 
from the present study showed biomass burning emissions as a similar proportion of the IN, but 
significantly underrepresented compared to its abundance in background aerosol. PALMS data 
from the present study found biomass burning emissions as a similar proportion of the IN as in 
these previous studies but significantly depleted from their ambient abundance. 
5.4.3 Comparing Raman and PALMS IN composition 
IN particle composition from both coarse mode Raman analysis and fine mode PALMS 
analyses are shown in Figure 2C and F. Organic-containing IN particles (including biomass 
burning for PALMS analysis) are present in lower percentages than in the background aerosol 
sampled. Sulfate/organic, metallic and elemental carbon IN are observed in the PALMS analysis 
but are absent or undetectable in Raman spectra. Nitrate/organic particles were identified by the 
Raman analysis but not in the PALMS. Differences in particle composition observed by each 
method are well-aligned with particle composition expected for each distinct size fractions. For 
example, over 50 % of total atmospheric nitrate by mass is typically found in the coarse mode 
[Seinfeld and Pandis, 1998], which was examined primarily by the Raman analysis. Similarly 
sulfates are often more abundant in smaller particle size fractions [Wall et al., 1988], sampled by 
PALMS,  because they include secondary ammonium sulfate [Seinfeld and Pandis, 1998]. 
Although there are differences in the information gathered from each analysis and size mode, the 
general findings are consistent. Both techniques found mineral dust and carbonate-containing 
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crustal material enhanced in the IN fraction; while organics, sulfates and nitrates were depleted 
compared to concentrations found in the ambient air.  
5.4.4 Organic material observed in the ice-active particle fraction 
Although particles composed of purely organic material were less abundant in the IN 
fraction compared to the background aerosol, organic material was commonly found in at least 
trace amounts in both the ambient and IN fractions. In order to further understand how organic 
material influences ice nucleation, Raman mapping was used to assess its spatial distribution 
within individual particles. This analysis showed that organic material was usually present in 
three distinct ways: in trace amounts, as a coating on the outside of another particle, or as a 
particle consisting mainly of organic material.  
Organic species present in trace amounts are ubiquitous among sampled IN particles. 
Using negative ion spectra, PALMS found organic fragments associated with 73 ± 3 % of the 
ice-active particles. Similarly, Raman analysis observed 93 ± 7 % of the IN particles to contain 
detectable amounts of organic material. These observations are consistent with other studies that 
have also observed organic material on ambient IN particles. Field measurements by Pratt et al., 
[2009] found 60 % of mineral-dust containing ice residues associated with humic-like organics 
and/or biological material. PALMS measurements of subvisible cirrus ice residues by Froyd et 
al., [2010] showed that internally mixed sulfate-organic particles heterogeneously nucleated ice 
at low saturation levels in the tropical tropopause region. These results are consistent with 
laboratory work presented in Chapter IV [Wise et al., 2010] that suggests if organic coatings are 
incomplete, part of the particle core is exposed to ambient water vapor and the ice nucleation 
efficiency of the core particle will not necessarily be altered by organic material. Thus, based on 
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the results of this study and others, small amounts of organic material do not appear to affect the 
saturation ratio required for the onset of ice nucleation on the core particle. 
Particles containing thick coatings of organic material were identified using spectral 
mapping but were never observed to serve as efficient IN. This observation is similar to results 
presented by Möhler et al., [2008] which suggest that thick coatings of secondary organic aerosol 
inhibit depositional ice nucleation efficiency of dust IN. Particle coatings were generally simple 
unoxidized aliphatic compounds with spectra similar to the example coating spectrum shown in 
Figure 5.3, left panel. In several Raman experiments, ice formation was observed on particles 
that were mainly composed of organic material, with no detectable inorganic component. Spectra 
of these IN particles reveal a broad characteristic Raman peak associated with OH stretching of 
intermolecular hydrogen bonds (3200-3400 cm-1) or a sharper higher frequency vibration of a 
primary or secondary OH group (3250-3650 cm-1) present in all of these IN spectra. Figure 5.6 
shows three examples of IN spectra exhibiting these features. The broad, low intensity OH 
signature seen in the bottom spectrum is less intense than water signatures typically observed 
during particle deliquescence (see for example, Figure 4.1). The observation that the organic IN 
particles in this study contained oxygen signatures is significant because, as mentioned 
previously, most of the purely organic particles within the total sample contained no signs of 
oxygen. Fukuta, [1966]  investigated ice nucleation on similar organic material and found that 
suitable compounds for ice nucleation often have sites available for hydrogen bonding. Thus, it is 
possible that ice nucleation occurs preferentially on organic material that is more highly 
oxidized.  
Some soluble oxygenated organic compounds are known to form non-crystalline solids 
known as glasses. Zobrist et al. [2008] have shown that soluble amorphous organic and multiple  
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Figure 5.6 Raman spectra obtained from three representative IN particles consisting of 
mainly organic material. All have oxygen signatures associated with their spectra. 
The weak broad OH peak between 3200 and 3400cm-1 (bottom spectrum) is 
indicative of intermolecular hydrogen bonding. This spectral feature is similar to 
OH signatures observed for glassy oxygenated organic material, but much weaker 
than the OH frequency of water observed during particle deliquescence.  
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component solutions can form glasses at atmospherically relevant temperatures < 230 K. These 
highly viscous organic glasses can act as surfaces for ice formation at cold temperatures and low 
Sice values with respect to ice [Murray et al., 2010]. Similarly, Virtanen et al., [2010] have 
observed solid-like behavior of naturally occurring amorphous secondary organic aerosol 
particles at ambient air temperatures. Given the temperature range used for Raman investigation 
in this study, it is possible that oxygenated organic particles observed as efficient IN particles 
were glassy or highly viscous in nature.  
The precise reason that oxygenated organics were observed to efficiently nucleation ice 
in this study, however, remains unclear. More investigation is necessary to determine whether 
oxidized organic material can serve as more efficient IN than unoxidized organics and to 
determine the physical or chemical explanation. We find that the relationship between ice 
formation and organic material is not straightforward. It seems that organic material can serve to 
either promote or inhibit heterogeneous ice formation depending on its chemical composition 
and the spatial distribution of organic material in internally mixed particles. 
5.4 Conclusions 
Chemical composition of ambient background aerosol and IN were investigated through 
experiments using Raman spectroscopy and mass spectra gathered using an in-line CIC and 
PALMS instrument. In both coarse and fine aerosol modes minerals and metals were found to be 
overrepresented in the ice nucleating fraction of ambient aerosol, while nitrate and sulfates were 
underrepresented compared to the background aerosol sampled. Trace organic material was 
found ubiquitously in both the ambient and ice-nucleating aerosol fractions. The Raman 
technique was used to provide new insights into the role of organics in ice nucleation. The 
organic-containing particles that nucleated ice in Raman experiments were all oxygenated. We 
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speculate that these particles were glassy in nature or that the presence of oxygen available for 
hydrogen bonding may have enhanced the IN efficiency of these particles and/or phase. Particles 
that consisted of an inner core material and non-oxygenated organic coating were not observed to 
serve as efficient IN particles. These results suggest that organic material nucleates ice with a 
range of efficiencies that may be linked to chemical composition and particle morphology. This 
relationship should be investigated further.  
________________ 
Chapter VI 
State Transformations and Ice Nucleation in Amorphous Organic Aerosol 
________________ 
6.1 Introduction 
Results presented in Chapter V suggested that the relationship between organic material 
and heterogeneous ice nucleation is complex. We found that organic material may either inhibit 
or promote heterogeneous ice nucleation, depending on the chemical properties of the organic 
material and the mixing state of the aerosol particle. Of particular interest was the observation 
that organic particles that efficiently nucleated ice in ambient samples all contained oxygen 
signatures. The present study is a follow-up laboratory investigation designed to further elucidate 
the behavior of oxygenated organic material at low temperatures with respect to heterogeneous 
ice nucleation.  
Organic compounds are ubiquitous in tropospheric aerosol and often account for a 
significant portion of the mass fraction of aerosol particles [Froyd et al., 2010; Zhang et al., 
2007]. Single-particle mass spectrometry has shown that background aerosol near the tropical 
tropopause layer (~12-18 km, ~180-200 K) consists mainly of internally mixed oxygenated 
organics and sulfates with an average organic mass fraction of 50 % [Froyd et al., 2010]. It has 
been recently proposed that oxygenated organic compounds may exist as highly viscous liquids 
in amorphous (semi-)solid or glassy states at atmospherically relevant temperatures and RH 
[Murray, 2008; Zobrist et al., 2008]. Such glassy or amorphous particles could serve as surfaces 
for ice nucleation in the upper troposphere and may help explain results from experiments 
presented in Chapter V.  
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Substances that form glasses typically have molecular structures that consist of long 
chains, networks of linked atoms or large complex structures. When this type of substance is 
subjected to rapid cooling or drying, molecular motion is kinetically hindered due to 
intermolecular interactions. Sluggish molecular motion prohibits molecules from taking on a 
crystalline conformation. Glass formation occurs when the random molecular arrangement of the 
liquid persists at temperatures or humidities low enough that molecular motion slows to the point  
at which the substance behaves mechanically like a solid.  
A thermodynamic schematic (Figure 6.1) depicts the process of glass formation versus 
crystallization. The black curve represents an idealized first-order phase transition in which a 
stable liquid is cooled and crystallization occurs without supercooling at the melting temperature 
(Tm). Crystallization is accompanied by an abrupt decrease in enthalpy and entropy as rotation 
and translational molecular motion is frozen in the crystal. In the case of glass formation, the 
stable liquid consists of a substance in which molecular motion is kinetically hindered. Upon 
cooling, the solution exhibits supercooling below Tm and viscosity increases. This is indicated by 
the gradual decrease in both enthalpy and entropy. In the metastable region crystallization is 
hindered and requires a nucleation process. Nucleation could occur at any time but may be 
hindered by the high viscosity of the substance. Below the glass transition temperature (Tg), 
molecular motion is so slow that the substance behaves mechanically like a solid. This is known 
as the glass transition temperature or vitrification temperature. Below the glass transition, 
rotational and translational molecular motion is essentially frozen so the slope of the change in 
enthalpy and entropy of the amorphous material becomes similar to that of the solid crystal. 
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Figure 6.1 Schematic diagram demonstrating the difference between crystallization (first-
order phase change) and a non-equilibrium glass transition.  
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Figure 6.2 Viscosity of various common substances at room temperature. Viscosity is shown 
in SI units of Pascal-seconds. 
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Many atmospherically relevant compounds tend to form a metastable amorphous phase 
upon rapid drying or cooling. Depending on the viscosity of these metastable droplets, they are 
classified as rubbers, gels, highly-viscous liquids or glasses. The SI unit of viscosity is the 
Pascal-second (Pa⋅s). Viscosity spans many orders of magnitudes from water, which has a low 
viscosity (10-3 Pa⋅s), to amorphous solids such as glass marbles (>1012 Pa⋅s). For reference, the 
viscosities of several common substances are shown in Figure 6.2. 
Traditionally, calorimetry experiments have been used to determine Tg because the 
technique is sensitive to the small decrease in the heat capacity of a glass compared to a liquid 
[Koop et al., 2011]. This change in heat capacity results from the freezing of translational 
molecular motion of the molecules in a highly viscous liquid or glass. When amorphous or glass-
forming substances are present in a mixture with water (10-3 Pa⋅s), or another substance of lower 
viscosity, the glass transition temperature of the mixture is warmer than that of the pure glassy 
substance.  
Molecular liquids can often be transformed into glassy or amorphous (semi-)solids 
through rapid drying. Conversely, increasing the RH over a glassy or amorphous substance can 
result in a “moisture-induced phase transition” that occurs at a characteristic RH known as the 
glass transition relative humidity (RHg). The transformation of a glassy or highly viscous 
amorphous particle into a liquid solution can be regarded as a deliquescence transition known as 
“amorphous deliquescence” [Mikhailov et al., 2009]. A schematic demonstrating the differences 
between crystalline and amorphous deliquescence is shown in Figure 6.3. Crystalline 
deliquescence usually requires high humidity levels and proceeds promptly at a characteristic 
DRH. Amorphous deliquescence is kinetically hindered and therefore proceeds slowly and 
gradually over a large range of humidities. Water uptake typically begins at much lower RH than  
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Figure 6.3 Schematic representation of water uptake by aerosol particles consisting of 
crystalline verses amorphous substances. 
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required for crystalline deliquescence. Thus, if amorphous particles form in the atmosphere they 
would behave very differently than traditional models assume with implications for our 
understanding of many atmospheric processes. A few include: the aerosol direct and indirect 
effects, CCN activation, ice nucleation, heterogeneous and cloud chemistry. 
The ability of atmospheric aerosol particles to form amorphous (semi-)solids or glasses 
will depend on aerosol composition, temperature, RH and mixing state of aerosol particles. 
Zobrist et al. (2008) has shown that while pure aqueous inorganic salt solutions have glass 
transition temperatures too low to be of importance in the atmosphere, mixtures of inorganics 
with oxygenated organics often have glass transition temperatures readily found in the 
atmosphere.  They suggest that glasses could play an important role in water uptake and ice 
nucleation in the upper troposphere and that many TTL particles are actually glassy solids. Koop 
et al., (2011) have recently demonstrated that typical precursors for biogenic secondary organic 
aerosol (i.e. α-pinene and isoprene) have glass transition temperatures too cold to be of 
atmospheric relevance. However, when these precursors are oxidized, Tg values rise sharply to 
temperatures of atmospheric relevance. Similarly, Virtanen et al., (2010) have observed solid-
like behavior of secondary organic aerosol particles at ambient conditions when sampled from a 
plant chamber and in boreal forests. A cloud chamber study by Murray et al. (2010) has shown 
that ice nucleation on glassy citric acid occurs at a lower ice saturation ratio than on aqueous 
citric acid (Sice=1.23 on glass vs. Sice=1.61 on liquid). Finally, although our work (Chapter IV) 
on palmitic acid coatings with ammonium sulfate showed no change in the efflorescence relative 
humidity of the core particle, a very different observation was recently made for internal 
mixtures of the soluble citric acid with ammonium sulfate (Bodsworth et al., 2010).  Here it was 
found that addition of citric acid lowered the efflorescence relative humidity, or in high 
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concentrations, even completely eliminated efflorescence. It is possible that the mixtures formed 
glasses at low temperatures, thus causing the disappearance of efflorescence [Bodsworth et al., 
2010]. 
In the present study, Raman spectroscopy and optical microscopy are used to investigate 
the glass transitions of amorphous organic aerosol particles at atmospherically relevant 
conditions. Ice nucleation experiments are also performed to investigate the temperature and 
humidity conditions under which oxygenated organics might serve as effective IN at 
atmospherically relevant conditions.  
6.2 Experimental 
 Sucrose, glucose and citric acid are all soluble organic species known to form glassy or 
amorphous (semi-)solids under atmospherically relevant conditions. These organics were chosen 
because they have similar functionality to soluble organic material commonly found in 
tropospheric aerosol particles [Graham et al., 2003] and have been used for previous 
investigations of glassy aerosol properties [Murray et al., 2010; Zobrist et al., 2008; Zobrist et 
al., 2011]. The state transitions and ice nucleation behavior of these three pure organic 
substances were investigated at temperatures found in the troposphere. Tropospheric aerosol 
often consists of organic material internally mixed with significant fractions of inorganic 
components. For this reason, internally mixed particles containing equal parts organic and 
ammonium sulfate were investigated in this study as well. 
Because Tg depends on both temperature and humidity, for atmosphere applications, it is 
useful to use a state diagram to predict the phase of aerosol particles at various conditions. A 
generic state diagram is shown as an example in Figure 6.4.  
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Figure 6.4 State diagram for a typical glass-forming aerosol particle at atmospherically 
relevant temperatures. Pink and purple arrows represent experimental trajectories 
followed in this study. Black dotted lines indicate interchangeability of Tg and 
RHg. 
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On a state diagram that is a function of temperature and RH, Tg and RHg describe the 
same point on the Tg curve and can therefore be used interchangeably. The resulting plots are 
referred to as state diagrams rather than phase diagrams because they include both 
thermodynamically predicted phase transitions as well as kinetically controlled phase changes 
[Murray, 2008]. The state diagram includes a melting curve (Tm, red), Tg curve (blue) and 
homogeneous nucleation curve (Thom, green). These three curves define conditions under which a 
sample will exist in various states (glassy, liquid, metastable liquid or ice). Two dotted arrows 
have been included on this diagram to demonstrate the type of experimental trajectory followed 
during the experiments in the present study. Experiments begin with glassy or amorphous aerosol 
conditioned at low RH (pink and purple dots). RH over the sample is increased until water 
uptake is observed (intersection of arrows with Tg line). Depending on the experimental 
temperature either amorphous deliquescence or ice nucleation is observed. At warmer 
temperatures (pink line) deliquescence is observed at Tg. The purple line represents an 
experimental trajectory at much colder temperatures. The water uptake by the glass requires 
higher RH at low temperature so, at some compound-specific characteristic temperature, ice 
nucleation is observed on the sample prior to water uptake.  
In the present study, the amorphous deliquescence and ice nucleation of pure sucrose, 
glucose and citric acid particles have been investigated over a range of atmospherically relevant 
temperatures (200-273 K) to determine conditions likely to favor liquid versus amorphous 
particles. Particle phase will in turn dictate the pathway available for ice nucleation.  
6.2.1 Particle Generation 
Glassy or amorphous particles were created by rapidly drying samples of aqueous organic 
particles generated by atomization. Liquid aerosol particles were produced by delivering a 10 wt 
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% solution of each organic (or 10 wt % 1:1 mixture with ammonium sulfate) to an atomizer (TSI 
3076) at a rate of 2 ml/min using a Harvard apparatus syringe pump. Particles were impacted 
directly onto a quartz substrate (1 mm thick) in a flow of dry N2 at 0.6 L/min. The resulting 
aerosol particles had aerodynamic diameters between 1 and 10 µm with an average size of ~4 
µm. All particles used for investigation of moisture-induced phase transitions in this study were 
between 3 and 8 µm dry diameter.  
Crystalline samples could not be generated from atomized aqueous particles because of 
the inhibition of crystallization in solutions that tend to form glassy or amorphous material. For 
experiments starting from crystalline organic species, a mortar and pestle was used to grind the 
pure crystalline material at room temperature and humidity. A small amount of the finely ground 
organic material was placed on a quartz substrate and gently tapped to free any larger crystals.  
6.2.2. State transitions and ice nucleation from amorphous aerosol particles 
During a typical experiment, a sample of liquid organic aerosol was created via 
atomization and placed in the environmental cell where it was immediately exposed to an 
environment of dry N2 (RH ~0 %). Rapid drying induced a glass transition in the organic 
particles rendering them amorphous in nature. Raman spectroscopy and visual inspection were 
used to confirm that particles were dry and amorphous in nature. The resulting particles were 
never observed to effloresce, even when left for more than 24 hours at an RH of 0 % or when 
heated above 310 K. After particles were deemed amorphous and dry using Raman spectroscopy, 
the relative humidity above the particles was increased by introducing water vapor into the N2 
stream. RH in the environmental cell was continuously monitored using a Buck Research 
chilled-mirror hygrometer (described in detail in Chapter II). The sample remained at room 
temperature until the humidity level desired for the experiment was reached and was allowed to 
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stabilize. Next the cell was cooled at a rate of 30 K/min, until the RH level experienced by the 
aerosol sample was ~90 % of that required for deliquescence. The sample was held at this 
temperature and humidity level for > 5 min to ensure temperature stabilization after the initial 
cooling phase. A slow temperature ramp with a cooling rate of 0.1 K/min was then initiated. This 
cooling rate was chosen because it is similar to the cooling rate a particle might experience in 
mid and low latitude cirrus clouds [Karcher and Strom, 2003b]. The sample was cooled 
continuously and monitored at least every 0.2 K using both visual inspection and Raman 
spectroscopy until water uptake and/or ice formation was observed. For example, if a sample was 
expected to deliquescence between 50 % and 60 % RH, the sample would be cooled at 30 K/min 
until the RH environment the particles experienced was ~45%. After temperature equilibrium 
was established the sample would be cooled at a rate of 0.1 K/min until the onset of water uptake 
was observed. For all experiments both RH and Sice values were continuously monitored. During 
experiments in which water saturation with respect to ice was reached and/or surpassed, the 
sample was monitored for both water uptake and the onset of ice nucleation (using 10X 
magnification). For every experiment performed in this study the slow (0.1 K/min) cooling phase 
was always initiated below saturation with respect to ice (Sice ~ 0.9). The final step in any ice 
nucleation experiment was sublimation of the ice, revealing the IN particle responsible for 
nucleation. The IN would then be inspected using both optical microscopy and Raman 
spectroscopy.   
6.2.3 Experiments from pure crystalline compounds 
 For experiments starting from solid crystalline organic material an additional humidity 
cycle was necessary to create amorphous particles. A crystalline sample was placed in the 
environmental cell at room temperature and 0 % RH. Water vapor was added until the RH levels 
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reached 90 % of the DRH of the crystalline compound and then the sample was cooled 
continuously at 0.1 K/min until deliquescence was observed. The resulting aqueous droplets 
were then rapidly dried and warmed to 298 K to create amorphous or glassy particles. The 
sample was then subjected to a second humidity cycle to observe amorphous deliquescence.   
6.3 Results and Discussion 
6.3.1 Deliquescence in crystalline vs. amorphous particles 
 
Two sets of spectra and images obtained during a typical experiment are shown in Figure 
6.5. This experiment began with a sample of crystalline citric acid monohydrate (DRH = 77 %). 
The sample was monitored as the RH over the sample was increased and deliquescence was 
observed. The left panel presents a few of the spectra and images obtained during crystalline 
deliquescence. The onset of water uptake is marked by the appearance of a broad peak at the 
characteristic Raman frequency associated with liquid water between 3000 cm-1 and 3600 cm-1 
For this experiment the onset of water uptake was observed first at 76.2 % RH (Figure 6.5, 
spectrum highlighted in blue). Deliquescence of the citric acid crystal proceeded promptly over a 
small RH interval (76.2 – 79.5 %) as water is quickly absorbed into the bulk particle. This 
transition is accompanied by dramatic changes in particle morphology as indicated by the 
accompanying images. The now aqueous droplets were rapidly dried and warmed to room 
temperature to create very concentrated amorphous aerosol particles. 
Spectra obtained during the subsequent amorphous deliquescence (of the same particle 
seen in the left panel) are presented in Figure 6.5 (right panel) to demonstrate the distinct 
differences between the two types of deliquescence. Amorphous particles began taking on water 
at much lower RH than their crystalline counterparts.  
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Figure 6.5 Raman spectra and images demonstrating crystalline (left) and amorphous 
deliquescence (right) of a citric acid particle at 252 and 257 K, respectively.  
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This transition is again marked by the appearance of a peak at the characteristic Raman 
frequency for liquid water between 3000 cm-1 and 3600 cm-1. The onset of water uptake in the 
example experiment is observed at 30.9 % RH (spectrum highlighted in red) and indicated by the 
small peak around 3400 cm-1. In contrast to the prompt deliquescence of the crystalline particle, 
water uptake on the amorphous particle begins at much lower RH and proceeds gradually as RH 
is further increased. Additional spectra presented in this panel demonstrate how the particle 
continues to take on water over a large RH range (30.9-72.5 %). Optical images presented along 
with these spectra show that hydration is not accompanied by a clear change in the size or 
structure of the amorphous particle. Particle size does not significantly change during amorphous 
deliquescence because water uptake is slow due to kinetic hindrance. Water uptake may even be 
accompanied by particle shrinking due to microstructural rearrangements and the collapse of gel-
like structures [Mikhailov et al., 2009]. 
6.3.2. State Diagrams  
Amorphous deliquescence and ice nucleation of pure sucrose, glucose and citric acid 
particles have been investigated in order to predict the state of organic aerosol over a range of 
atmospheric conditions. The left panels in Figures 6.6, 6.7 and 6.8, give the state diagrams 
resulting from experiments with sucrose, glucose and citric acid, respectively. All square 
markers correspond to experiments using pure organic samples where as upright triangles 
indicate the same transition for particles of the corresponding 1:1 mixture of organic and 
ammonium sulfate. In all figures, open markers designate the onset of amorphous deliquescence, 
gray markers indicate that both water uptake and ice nucleation took place and black markers 
indicate that only ice nucleation was observed. The region below the labeled Tg curves represent 
the conditions under which the aerosol particles are in a glassy or (semi-)solid amorphous state.  
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Figure 6.6 Left panel shows the state diagram for sucrose. Tg and Tg-mix lines correspond to 
the glass transition curves of pure sucrose and sucrose/ammonium sulfate (AS) 
internal mixtures, respectively. The Tm line represents the melting curve and 
shows where Sice = 1. Gray and black markers represent experiments in which ice 
nucleation occurred with or without water uptake. The right panel is a plot of ice 
saturations ratios as a function of temperature for each of the experiments in 
which ice nucleation was observed. Thom in both figures indicates where homogeneous 
ice nucleation would occur on liquid particles. 
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Figure 6.7 State diagram and corresponding Sice plot for all experiments in which pure 
glucose or glucose/ammonium sulfate was investigated. Other symbols and 
notation are the same as in Figure 6.6.  
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Figure 6.8 State diagram and plot of ice saturation ratios for all water uptake and ice 
nucleation experiments performed on citric acid and citric acid/ammonium sulfate 
particles. Black circles in this figure represent ice nucleation on citric acid as 
observed during cloud chamber experiments from Murray et al., [2010]. Other 
symbols and notation are the same as in Figure 6.6. 
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At temperatures and RH conditions above the Tg curve the particles take on water and are 
categorized as liquid aerosol.  
Comparing the three state diagrams we can see that pure sucrose (Figure 6.6) has the 
highest RHg of the six systems investigated here. Over temperatures ranging from 235 K to 270 
K pure sucrose particles remained amorphous until RH between 54-71 %. Over the same 
temperature range glucose begins taking up water at between 40–72 % RH and citric acid from 
22-68 % RH. One consequence of its lower RHg is that pure citric acid is in the liquid phase over 
a wider range of conditions than the other two organic substances. Sucrose, on the other hand, 
remains in a glassy or (semi-)solid amorphous state until much higher humidity levels.  
Tg values from these experiments are in good agreement with values reported by groups 
using other experimental methods. Zobrist et al., (2008; 2011) used differential scanning 
calorimetry to measure Tg for glucose and sucrose samples that were emulsified in oil. Despite 
the different techniques, our data is in good agreement with Tg values they have reported for both 
species. Tg curves for both sucrose and glucose determined by Zobrist et al., (2008; 2011) are 
shifted slightly towards lower RH than values than we have reported but the curves agree to 
within 15% RH and have similar shape over the entire temperature range. This discrepancy may 
be explained by the much larger particle size examined in this study. Koop et al., (2011) use a 
parameterization to predict the humidity dependence of Tg for citric acid. Our data is within 
several percent of their plotted parameterization over a similar temperature range. 
6.3.3. The influence of ammonium sulfate on the Tg curves of organic aerosol particles 
Direct measurements of aerosol composition near the tropical tropopause region suggest 
that the vast majority of particles consist of partially or fully neutralized sulfate mixed with 
oxygenated organics. The mass fraction of organic material in the sampled aerosol was often > 
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50% [Froyd et al., 2010]. Thus, it is likely that the experiments performed with ammonium 
sulfate mixtures better represent the behavior of particles found in the upper troposphere.  
The triangles in each state diagram show how the glass transition curve changes when 
aerosol particles consisted of 1:1 internal mixture of organic and ammonium sulfate. In every 
case, the addition of ammonium sulfate acts to lower the RHg of the organic substance. This type 
of shift was anticipated because ammonium sulfate has a very low Tg (< 140 K) compared to that 
of the organic species. The addition of a substance with a low Tg acts to soften the amorphous 
solid, reducing the viscosity of the mixture compared to that of the pure organic [Koop et al., 
2011; Zobrist et al., 2008]. The addition of ammonium sulfate, however, does not seem to affect 
all of the organic substances in the same way. For example, the ammonium sulfate has little 
effect on the Tg curve of citric acid but shifts the Tg curves of both sucrose and glucose lower by 
more than 20 % RH over the entire temperature range. In every system studied here, ammonium 
sulfate acts to shift the Tg curve in such a way that aerosol particles will be liquid over a larger 
range of temperatures and humidities. The shift of Tg due to ammonium sulfate implies that the 
range of possible conditions under which organic aerosol could remain glassy in the upper 
troposphere is highly dependent on the mixing state of the aerosol. Our data indicates that at 
lower tropospheric temperatures (T<260 K), particles are more likely to be in liquid form. For 
any temperature warmer than 260 K, if RH is > 20 %, the mixed organic/sulfate will be liquids.  
6.3.4. Ice nucleation from organic aerosol particles 
For each system discussed above, there are certain conditions under which ice formation 
is observed. Ice formation was observed for experiments indicated by either gray or black 
markers on each plot. Gray points indicate that both water uptake and heterogeneous ice 
nucleation were observed simultaneously, whereas black markers denote ice nucleation on 
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amorphous particles prior to water uptake. The onset conditions for ice nucleation are included 
as part of the state diagrams and shown in plots of ice saturation ratios (right panel of each 
figure). The ice saturation ratios provide the more useful metric for quantifying ice nucleation.  
In regions of the state diagrams where the organic particles are liquid (open markers) ice 
nucleation will proceed via a homogeneous nucleation pathway at the freezing line predicted by 
Koop et al., [2000] (Thom in the plots). In contrast, ice nucleation observed on amorphous or 
glassy particles prior to water uptake (black markers in every figure) will proceed via a 
depositional ice nucleation pathway at lower saturation ratios than required for homogeneous 
nucleation (Sice values of ~1.2 for all systems studied). Hence, the (semi-)solid amorphous 
particles can act as suitable surfaces for ice formation directly from the vapor phase.  
Understanding the gray points is less straightforward. For these experiments water uptake 
and ice nucleation were observed to occur simultaneously. In these “gray regions” conditions are 
such that the RHg necessary for water uptake and critical supersaturation for ice nucleation are 
both met nearly simultaneously. Saturations ratios in these experiments are always lower than 
Thom which rules out a homogeneous ice nucleation pathway. Depending on whether IN particles 
were wet prior to ice formation, nucleation may have occurred either by deposition or immersion 
modes. There are several pieces of evidence to suggest that ice formation occurred via 
depositional rather than immersion mode freezing. Using optical microscopy, the IN particle 
could often be distinguished at the center of an ice crystal suggesting that ice had formed on top 
of the particle rather than from within the liquid matrix. When the IN particles were examined 
using Raman spectroscopy after ice sublimation, they were never observed to be liquid in nature 
even when other interstitial particles were wet. Further, inspection of the Sice plots show no 
distinct difference between the saturation ratios for “ice only” experiments and those in which 
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both water uptake and ice where observed. In other words, the Sice values from both types of 
experiments follow the same trend, suggesting a similar mechanism. 
Ice saturations ratios calculated for each ice nucleation experiment in this study showed 
only a slight increase with decreasing temperature but are very similar for all of the pure organic 
systems investigated. For experiments with pure sucrose the average Sice was 1.19, which is not 
significantly different than the same value for pure citric acid (Sice, ave = 1.16) or pure glucose 
(Sice, ave = 1.17). Saturation ratios for ice nucleation on pure citric acid are also in excellent 
agreement with the results of cloud chamber studies by Murray et al., [2010] (Figure 6.8, black 
circles). The fact that Sice values for all systems investigated here are very similar suggests that 
the mechanism of ice formation on glassy or amorphous aerosol particle may be independent of 
organic composition or governed by characteristics similar for all of the systems investigated in 
this study, for example, their amorphous phase or ability to hydrogen bond with water. The 
temperature at which ice nucleation was first observed either with or without water uptake for 
each system is also very similar (sucrose, 233 K; glucose; 226 K; and citric acid 220 K).  
Cirrus forming particles, however, are not likely to consist of pure organic components. 
A better prediction of conditions where ice nucleation on amorphous particles might be 
important comes from experiments using internally mixed organic/ammonium sulfate particles. 
Within the temperature range of this study, heterogeneous ice nucleation events were rarely 
observed for mixed particles. For sucrose, the addition of ammonium sulfate shifted the Tg curve 
such that particles take up water over the entire range of temperatures investigated in this study 
(Tg-mix and white triangles, Figure 6.6). For both citric acid and glucose mixed with ammonium 
sulfate, ice formation was only observed (gray triangles, Figures 6.7 and 6.8) in a few 
experiments near the low temperature limit. Ice nucleation in these three experiments was always 
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observed along with water uptake but saturation ratios were similar to values observed for the 
pure organic systems. These results suggest that ice nucleation on amorphous mixed 
sulfate/organic particles may only be important at temperatures near or below 200 K. This 
mechanism, however, may be relevant for subvisible cirrus formation near the tropical 
tropopause region (T ~180-200 K). These experimental results lend support for observations by 
Froyd et al., (2010) which indicated that subvisible cirrus residues often consist of 
organic/sulfate mixtures (average organic weight fraction = 64 %). 
6.4 Conclusions 
A number of water uptake and ice nucleation experiments were performed on samples of 
pure and internally mixed amorphous aerosol particles over a wide range of atmospherically 
relevant conditions. Glass transition curves for sucrose, glucose and citric acid were constructed 
by observing the glass-to-liquid moisture-induced phase transition of samples. Our results are in 
good agreement with previous measurements of Tg for the same organic species by groups using 
differential scanning calorimetry. Deliquescence experiments with mixed organic/sulfate 
particles demonstrate the importance of aerosol mixing state for predicting partitioning between 
the liquid and amorphous phases of organic aerosol. When mixed with amorphous organics, 
inorganic species (with low Tg) will shift the partitioning towards the liquid phase.  
We find that particles consisting of a high weight fraction of glass-forming organic 
material will often be in either liquid or amorphous phases in the atmosphere. This is due to the 
elimination of efflorescence in glass-forming organics. Partitioning between those two states will 
dictate the pathway available for ice nucleation. At warmer temperatures (T > 235 K) it is likely 
that organics will be in liquid form and freeze via homogeneous nucleation at high saturation 
ratios with respect to ice. At colder temperatures, such as those found in the tropical tropopause 
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region, ice may form heterogeneously on glassy organic/sulfate particles at ice saturations ratios 
of ~1.2. Organics that undergo amorphous deliquescence at higher RHg are more likely to remain 
in glassy form over a larger range of atmospheric conditions and in turn more likely to serve as 
heterogeneous IN. 
________________ 
Chapter VII 
Summary, Conclusions and Future Directions 
________________ 
 
 A Raman-spectroscopy-based system for studying ice nucleation and aerosol properties 
has been constructed and used to study various types of aerosol particles. Studies of both 
laboratory-generated and ambient aerosol particles have been performed in order to explore 
heterogeneous ice nucleation and water uptake at the level of the individual particle. This work 
was motivated by the low level of scientific understanding associated with the mechanisms 
behind ice formation in cirrus clouds. In the upper troposphere less than 1 in 1000 particles serve 
as IN. Currently it is unclear why one particle would nucleate ice preferentially compared to 
another. The experiments presented in this thesis primarily focused on how chemical 
composition and particle morphology influence ice formation. 
 Chapter II outlined the design, construction and calibration of the Raman-spectroscopy-
based system for studying ice nucleation. In Chapter III, initial experiments performed on pure 
ammonium sulfate particles were used as a validation of our technique and to resolve 
discrepancies that existed in the data for ice nucleation on solid ammonium sulfate. Studies of 
externally mixed ammonium sulfate and glutaric acid particles were performed to compare the 
ice nucleation activity of a representative inorganic salt to a representative organic material. 
Results showed that ice preferentially nucleated on the pure crystalline inorganic salt and at Sice 
values lower than required for homogeneous ice nucleation.  
Initial results suggested that solid ammonium sulfate particles could efficiently nucleate 
ice, however, the vast majority of particles in the upper troposphere consist of internally mixed 
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sulfate and organic material. It was unclear if and how this organic material would affect the 
phase and ice nucleation efficiency of ammonium sulfate at low temperatures in the upper 
troposphere. In Chapter IV, deliquescence and efflorescence experiments were performed on 
internally mixed ammonium sulfate and palmitic acid particles to determine whether ammonium 
sulfate could exist as a solid in the upper troposphere. Internally mixed particles were generated 
using a coating oven in which solid ammonium sulfate particles were covered in palmitic acid. 
Low temperature deliquescence and efflorescence cycles performed using these particles showed 
that palmitic acid present on the outside of ammonium sulfate particles did not significantly 
affect the DRH, ERH or ice nucleation efficiency of the ammonium sulfate particles. To gain 
insight into why ammonium sulfate particles coated with palmitic acid had the same water 
uptake behavior and ice nucleating abilities as pure ammonium sulfate, additional experiments 
were performed probing the morphology of the mixed particles. Raman spectral maps of the 
internally mixed particles revealed that palmitic acid coatings were often incomplete, leaving 
part of the ammonium sulfate core exposed to ambient water vapor. It was hypothesized that 
exposed ammonium sulfate surfaces therefore controlled the water uptake and ice nucleation 
characteristics of the coated particles. These results suggest that even if ammonium sulfate 
particles are coated with organic compounds, they can still be potential IN candidates. This work 
also shows that particle morphology, in addition to composition and size, can be an important 
factor in ice nucleation. 
As a follow-up study, an investigation of ambient aerosol particles was performed 
(Chapter V) to assess whether atmospheric particles behave in a similar manner to laboratory-
generated aerosol. Samples of ambient particulate were collected at a mountaintop research 
station as part of the Storm Peak Aerosol and Cloud Composition Study (SPACCS) 2010 and 
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analyzed in the laboratory using our Raman system. Raman spectroscopy was used to determine 
the composition of the total aerosol and IN particles. Raman mapping was used to gather further 
information about the distribution of chemical species within particles of interest. Raman results 
were also compared to coincident measurements made by single particle mass spectrometry to 
validate the use of our Raman technique for the analysis of ambient aerosol samples. Organic 
material was found to be ubiquitous in the background aerosol as well as in the ice-active particle 
fraction. Raman mapping revealed that organic material was usually present in three distinct 
ways: in trace amounts, as a complete coating around a core particle, or as particles consisting of 
mostly organic with no detectable inorganic species present. Particles with thick coatings of 
unoxidized organic material were never observed as IN whereas some oxygenated organic 
particles were found to be efficient IN.  
Results from the previous study suggested that the role of organic material in 
heterogeneous ice nucleation is not straightforward and that oxygenated organic material may 
nucleate ice with greater efficiency than aliphatic organic species. Experiments presented in 
Chapter VI tested the heterogeneous ice nucleation efficiency of particles that belong to a 
specific class of oxygenated organic species that are known to form highly viscous amorphous 
solids, known as glasses, at atmospherically relevant temperatures. The glass transition and ice 
nucleation characteristics of three types of oxygenated organic species were investigated: 
sucrose, citric acid and glucose. We find that particles consisting of a high weight fraction of 
glass-forming organic material will always be in either liquid or amorphous phases in the 
atmosphere. Glassy or amorphous aerosol can efficiently nucleate ice at saturation ratios of ~1.2 
but this mechanism is likely only important at very cold temperatures found near the tropical 
tropopause region.  
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7.1 Future Directions 
7.1.1 Ice nucleation on coated particles 
 
 The Raman system developed as part of this work may be used to study many more 
aspects of aerosol phase transitions and ice nucleation. An investigation to follow-up the work 
with internally mixed ammonium sulfate and palmitic acid (presented in Chapter IV) would be 
very straightforward. Insoluble palmitic acid was chosen as a representative organic species, 
however, a follow-up study in which a soluble organic (maybe both glass-forming and non-glass-
forming) species serves as the coating material is necessary to determine if results are similar for 
both insoluble and soluble organic species. Further, the aerosol generation device (coating oven) 
used in the study often produced particles that contained only trace or partial organic coatings 
rather than complete coatings. An additional study of water uptake and ice nucleation could be 
performed that utilizes a more consistent method for coated-aerosol generation. For example, 
liquid-liquid phase separation could be used to create coated aerosol in situ [Bertram et al., 
2011]. We found (Chapter IV), for particles containing incomplete organic coatings, the core 
material dictates the water uptake and ice nucleation properties of the whole particle. If organic 
coatings fully encased the ammonium sulfate, therefore, we would expect the active sites for ice 
nucleation to be shut down and predict that the onset of heterogeneous freezing would be 
inhibited or similar to that of the organic coating substance. This hypothesis should be tested.  
7.1.2 Ambient aerosol samples 
 The study presented in Chapter V represents only the first attempt to use our Raman 
system to examine samples collected in the field; there is much more work to be done examining 
ambient particulate. Our initial field study has sparked many more opportunities for field work 
and collaborations. Substrates for Raman analysis have been recently sent around the world for 
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the collection of aerosol samples. The next study will examine several samples containing cirrus 
ice residues sampled in situ on NASA’s WB-57 as part of the Mid-latitude Airborne Cirrus 
Properties Experiment (MACPEX) in March and April 2011. This represents our first 
opportunity to examine actual cirrus residue. Particle composition and ice nucleation efficiencies 
will be examined and compared to results obtained using ground-based samples collected at 
Storm Peak Laboratory. Sample substrates have been sent to Ulaanbaatar, Mongolia for 
collection of highly polluted urban aerosol and marine aerosol is also being collected in the 
Indian Ocean as part of the DYNAMO campaign. Further, a proposal has been submitted to 
participate in the SEACR4S campaign during summer of 2012. Continued analysis of field 
samples will allow for further investigation of aerosol and IN particles from various 
environments and will include particles that have undergone diverse processing.  
7.1.3 Laboratory-generated samples 
Ambient aerosol samples are not ideal for all studies. They can be too complex with an 
impossible number of variables to constrain. Many aspects of ice nucleation remain to be studied 
using laboratory-generated aerosol as well. For example, a study examining the heterogeneous 
ice nucleation efficiency of organic species as a function of O:C ratio could be used to further 
address the question of whether oxygenated organic species are more efficient IN than 
unoxidized organics. Moving to an aerosol generation system that would allow for precise 
control of aerosol number and size on each sample would greatly enhance the amount of 
quantitative information that could be obtained from each Raman experiment. A micro-pipette 
system, although time-consuming, could be used to generate a sample of this type. Then, for a 
sample consisting of a known number of particles of a uniform size, the surface area of the entire 
sample would be calculated and nucleation rates could also be determined. 
________________ 
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